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1. Introduction. Ethene, why it is important, its role in 
nature and how it is detected. 
The societal importance of ethene is briefly introduced with a focus on its 
biological function. The biochemistry of ethene sensing and responses is discussed 
with a particular focus on the sensing of ethene in nature. Current artificial ethene 
detection methods are discussed with respect to their various performances. The 
coinage-metal chemistry related to ethene sensing in chemiresistive sensors is 
discussed including a brief introduction into hydridotrispyrazolylborate ligands 
and their importance in copper(I) chemistry. Concluding this Chapter is a short 




1.1. Introduction  
Ethene, the simplest alkene, is an important volatile organic compound (VOC) 
that affects daily life in many often unseen ways. Worldwide ethene production 
was 143 tonne per year in 2013, more than any other organic compound.[1] It is 
used to produce bulk chemicals such as polyethylene, ethanol, ethylene glycol, 
styrene and vinyl chloride. Ethene gas causes drowsiness in humans when 
breathed in sufficient concentrations and has been used as an anesthetic (mixed 
with dioxygen). Possibly ethene has inadvertently served in a similar role 
thousands of years before its first intentional use as an anesthetic when it was 
breathed in by the Pythia, as the famous Oracles of Delphi in Greek antiquity 
were known. It has been proposed that ethene released as the result of nearby 
seismic activity had a mild narcotic effect that was interpreted as a divine 
connection.[2] 
Aside from its importance in bulk chemistry ethene is also well known for its 
role as a plant hormone. Specifically in climacteric plants ethene gas induces a 
response causing among other effects the ripening of fruit, the discoloration of 
leaves, leaf curl, altered shade avoidance response and sprouting. Climacteric 
plants go through several phases during their lives, during most these phases 
ethene production in the plant is inhibited by the presence of ethene in a 
negative feedback loop. The feedback loop becomes positive during the 
ripening phase or as a response to injury or disease during which climacteric 
plants produce ethene when exposed to it.[3] The positive feedback in the 
production of ethene during ripening and the concomitant sharp fluctuations in 
ethene concentrations can result in rapid and unpredictable effects on crops if 
ethene levels are not kept below threshold concentrations during storage and 
transport.  
In the case of vegetables and particularly cut flowers spoilage during storage 
and transport is a common problem. Spoilage of living organisms like fruits, 
vegetables and flowers cannot be prevented altogether but can only be slowed. 
Innate aging processes in plants can be slowed by cooling and oxygen 
deprivation, which cause the metabolic processes of plants, fungi and bacteria 
to slow down, thus prolonging the periods over which detrimental biological 
processes such as cell death and stress responses take place. As with 
microorganisms, the influence of ethene is an integral part of the natural 
process of growth, ageing and controlled death in climacteric plants it is of 
fundamental importance to understand its effects during the different phases 
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in the lifecycles of valuable crops. Unfortunately, even though the effects of 
ethene are reasonably well known, detailed knowledge of the ethene exposure 
of crops during production, storage and transport is normally not available and 
every year significant amounts of food are lost to spoilage during transport. For 
instance, it is estimated that every year ethene, both produced by the crops 
themselves and from external sources, causes an estimated average 12% 
product loss between production and consumption in the USA. Estimates in 
developing countries, where supply chains are more poorly controlled, even 
rise to as much as 50% product loss.[4]  
The ripening and resting phases of fruits are each desirable during different 
phases of the commercial exploitation of crops. For instance, while the effects 
on crops of unintentional ethene exposure during transport are generally 
assumed to be detrimental to their commercial value, ethene exposure can also 
be beneficial, such as when it is used to expedite the ripening of fruits. To limit 
the detrimental effects of ethene exposure during storage and transport 
significant efforts are made to monitor and manage ethene levels. A sufficiently 
detailed overview of ethene levels during storage and transport coupled with a 
thorough understanding of its effects on crops can lead to successful 
management of ethene–induced effects. Eventually a sufficient level of control 
might even turn in-transit ethene exposure from a nuisance into a valuable tool. 
For example, bananas are currently shipped in refrigerated containers in order 
to avoid the emission of ethene only to be exposed to high concentrations of 
ethene in ripening chambers upon arrival. With adequate measurements of 
ethene levels during transport the bananas could be ripened during transport 
and arrive ready for retail removing the need for dedicated ripening facilities 
and their associated costs.  
Currently, ethene levels are monitored during production, packaging and 
storage of produce, but generally not during transport as the costs associated 
with the currently available detection methods are too high. A small, affordable 
ethene sensor is therefore required. Such a sensor should have good specificity 
and sufficient sensitivity to monitor the low (sub-ppm) concentrations of 
ethene to which plants are sensitive.  
1.2. Ethene detection in nature  
That ethene gas is responsible for the ripening of fruit has been suspected since 
the early twentieth century, with reports of the detrimental effects on plants of 
certain gases as far back as the second half of the nineteenth century. As early 
Chapter 1 
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as 1858 Fahnestock et al. reported that a leakage of the gas mixture then 
referred to as “lighting gas” caused damage to plants in greenhouses.[5] This 
observation and other reports of smoke having similar effects on plants caused 
a slew of reports in the late nineteenth century.[6] The identification of ethene 
as the gas responsible for the effects of lighting gas on plants came in 1901 when 
Neljubow et al. reported the sensitivity of etiolated pea seedlings to ethene gas 
at concentrations as low as approximately 625 ppb.[7] Lighting gas, at the time, 
contained approximately four percent ethene gas, more than enough to explain 
why trees and other plants near streetlights kept dying.[8]  
 
Scheme 1.1. Yang cycle (simplified). L-methionine is converted by SAM synthetase 
(using one molecule of ATP) into S-adenosyl-L-methionine (SAM) which is converted 
by ACC synthase into 1-aminocyclopropane-1-carboxylic acid (ACC) and 5’-
methylthioadenosine. ACC is then oxidized by ACC oxidase and dioxygen to ethene, CO2 
and HCN. Adapted from Wang et al.[9] 
The ability of plants to produce ethene gas was proved in 1934 by Gane et al. 
who analyzed the VOCs emitted by 27 kg of ripening apples over the course of 
a period of four weeks. Gane commented that research on ethene responses in 
plants would be difficult because of the low concentrations involved, “perhaps 
on the order of 1 cubic centimeter during the whole life-history of the fruit”.[10] 
The metabolic pathway in which ethene gas is produced in plants has since been 
elucidated. In a bid to discover if radical chemistry was responsible for ethene 
formation in plants L-methionine was used as a radical scavenger. 
Unexpectedly, the ethene production of the plants supplemented with L-
methionine was found to increase rather than decrease thus leading to the 
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conclusion that L-methionine must be involved in the biosynthesis of ethene 
gas.  
Further research with isotope-labeled L-methionine showed that specifically 
the 3- and 4-carbon atoms of L-methionine are converted into ethene.[11] The 
complete biosynthetic pathway in which ethene is produced from L-methionine 
is known as the Yang cycle. In the Yang cycle L-methionine is converted 
sequentially into S-adenosyl-L-methionine (SAM) and 1-aminocyclopropane-1-
carboxylic acid (ACC) which is then oxidized by ACC oxidase to release ethene 
(see Scheme 1.1). 
The advent of modern gas chromatography made it possible to quantify the 
gaseous emission of fruit reliably at low concentrations. It was found that 
biologically relevant concentrations of ethene gas are indeed particularly low, 
typically in the ppm (µL/L) or ppb (nL/L) range.[12] The ability of plants to 
respond to ethene gas indicates that plants must have receptors capable of 
binding ethene. In 1967, Burg and Burg, who studied the effects of various 
alkenes and alkynes on plants, were the first to suggest that the ethene 
receptors in plants would likely contain a metal ion.[13] Burg and Burg suggested 
either silver or zinc as likely candidates; that neither suggestion was correct 
only became apparent when the first ethene binding protein was identified and 
found to contain copper instead.  
 
Figure 1.1. Schematic representation of a number of ethene binding transmembrane 
proteins showing the subfamilies 1 and 2 and the common features shared among them. 
Adapted from Binder et al.[14]  
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The first of the ethene-sensing proteins to be characterized was ETR1 
(“EThylene Receptor 1”), which was discovered in 1988 by Bleecker et al.[15] 
ETR1 is a transmembrane copper protein that is proposed to form disulfide-
linked homodimers in the endoplasmic reticulum of Arabidopsis thaliana.[16] 
ETR1 is part of a family of five ethene-binding proteins in Arabidopsis (ETR1, 
ETR2, EIN4, ERS1, and ERS2, see Figure 1.1) and forms dimers that can 
coordinate a single monovalent copper ion. The copper(I)-containing ETR1 
dimers form part of a larger assembly of proteins that together respond to 
ethene through modulation of a carefully regulated cascade in which signaling 
is actively prevented until ethene is bound. The importance of ethene as a signal 
molecule in plants is underscored by the conservation of the ethene-modulated 
signaling pathway in many other plants aside from Arabidopsis. Apart from 
ETR1 other, similar proteins have been identified in plants such tomatoes 
which express various receptors during different developmental phases even 
including a non-responsive variety.[17]  
The response of the ETR1-initiated cascade can be blocked using competitive 
inhibitors such as 2,5-norbornadiene and 1-methylcyclopropene (1-MCP) and 
noncompetitive inhibitors such as silver nitrate.[18] The competitive inhibitors 
can tightly coordinate the copper(I) center thus making it unavailable for 
ethene coordination without causing a response of their own. Silver(I) ions are 
expected to deactivate ETR1 by displacing the copper(I) ion in the active site 
and changing the binding characteristics of the protein towards ethene.  
1-MCP is used commercially to prevent crop degradation by ethene; the obvious 
downside of such treatment is that it cannot be used in fruits as the ripening it 
prevents during transport is a key step required for monetization after 
transport. Rodriguez et al. showed that the removal of two key amino acid 
residues from ETR1 (Cys65 and His69, see Figure 1.2) resulted in a complete loss 
of the ability of ETR1 to bind copper ions, indicating that these two residues are 
of fundamental importance for the functioning of ETR1.[16] The exact structure 
of the active site has not been elucidated so far. Key details concerning the 
structure of the active site are therefore not available such as the function of the 
cysteine residues (Cys65) which may serve as anchors for the dimeric structure 
of the protein or as ligands for copper. Cysteine is often found as a ligand for 
copper in nature but also serves to form disulfide bridges between proteins. For 
instance, it is possible that the Cys65 residues do not coordinate the copper(I) 




Figure 1.2. Helical net model representing the first 128 amino acids of ETR1. Conserved 
residues are shown outlined in blue, the Cys65 and His69 residues are shown in red. 
Residues shown as white letters could be changed without affecting ethene binding. 
Adapted from Rodriguez et al.[19] 
In support of the hypothesis that Cys65 does not coordinate the copper(I) 
centers is the fact that the copper(I) ion has a d10 electron configuration. A four-
fold coordination as suggested for the active site of ETR1 with both the cysteine 
and histidine residues of each protein monomer coordinated to the copper(I) 
center would result in a coordinatively saturated copper(I) site, which is 
incompatible with the high affinity for ethene as observed in ETR1 and its 
analogs.[15] ETR1 has been evaluated for its ability to bind ethene gas after the 
apo-enzyme had been incubated with different salts of the group 11 transition 
metals (copper, silver and gold, referred to as the coinage metals). When treated 
with aqueous solutions of silver nitrate the typical response to ethene of 
various plants was found to be suppressed while the ability of ETR1 to bind 
ethene is retained. It was suggested that the silver(I) ions take the place of the 
copper(I) ions in the active site of ETR1 and somehow prevent it to function 
properly.[18, 20] Interestingly when gold(III) chloride was added to seedlings of 
etiolated wild type Arabidopsis Thaliana in the presence of ethene the typical 




Figure 1.3. Effects on the average seedling length (±S.D.) of the additions of coinage-
metal salts to etiolated seedlings of Arabidopsis Thaliana grown in the dark in the 
presence and absence of 600 ppb ethene. Taken from Binder et. al.[21] 
The effects of gold and copper on the ethene response in Arabidopsis were 
found to be comparable suggesting that gold fulfilled the same role as copper(I) 
in ETR1. However, to achieve the same effects a higher concentration of 
gold(III) chloride compared to copper(II) sulfate was required. For a more 
detailed discussion of the history and specifics of ethene biosynthesis and 
sensing the reader is referred to the review by Bakshi et al.[6] 
1.3. Detection and quantification of ethene 
1.3.1. Criteria for effective ethene detection 
The importance of ethene as a hormone in plant physiology has been 
understood for a long time, thus it can be no surprise that substantial efforts 
have been made already towards its sensitive detection. Effective detection of a 
gas relies on the fulfillment of a number of criteria including good analyte 
specificity, sensitivity, high response rates, good stability in a range of different 
conditions and reproducibility.  
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Analyte specificity, or selectivity, refers to the ability of a detection method to 
discriminate between the intended analyte and other, interfering analytes. 
Ideally a good ethene sensor shows a response only when exposed to ethene 
and no response at all when exposed to any other gas. In reality most detection 
methods suffer from some degree of cross sensitivity when exposed to mixtures 
of gases typically encountered in biologically relevant settings such as 
greenhouses. Potentially interfering gases commonly encountered in air 
include water vapor, carbon dioxide and carbon monoxide, nitrogen oxides and 
ammonia. If a sensor is unable to discriminate between the analyte and the 
interfering gases the output from the sensor will not adequately represent 
reality. 
Sensitivity refers to the ability of a sensor to detect sufficiently low 
concentrations of the analyte. The sensitivity required of gas sensors can vary 
greatly from the low sensitivity required of oxygen probes for health and safety 
purposes which report oxygen concentrations in percentages (“parts per 
hundred”) to sensors for carbon monoxide, hydrogen and ethene gas, which are 
required to reliably produce values as low as parts per million or even lower. 
The sensitivity of a gas sensor is not only an innate property of the detector that 
is used; it can be enhanced significantly by application of techniques like pre-
concentration and integration over time.  
Integration over time relies on the fact that while noise in a sensor is essentially 
random, the signal is not. By collecting data over longer periods of time the 
relative contributions to the output of the sensor of the target analyte compared 
to the ambient noise can be improved. In pre-concentration the target gas is 
adsorbed over a certain timespan onto a specially selected adsorbent after 
which it is made to desorb rapidly, typically by heating. The rapid release of the 
gas that has been gathered over the course of a longer period time effectively 
magnifies the concentration of the gas thus improving the signal intensity 
output by the sensor.  
Adsorbents that can be used are generally materials like zeolites but may also 
comprise metal-organic frameworks (MOFs). By using zeolites the selectivity of 
the sensor can be enhanced by excluding particular compounds based on size 
and to a smaller degree based on their chemical properties. In contrast, in 
addition to size-selectivity MOFs offer a much more pronounced ability to select 
adsorbates based on their chemical properties such as polarity, the ability to 
form hydrogen bonding interactions or hydrophobic interactions. An example 
Chapter 1 
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of a MOF that can be used to pre-concentrate ethene is HKUST-1 ([Cu3(1,3,5-
benzenetricarboxylate)2(H2O)3]).[22] 
 
Figure 1.4. Minimized positions of ethane (left) and ethene (right) adsorbed in the 
cavity of HKUST-1. Shown in light blue are the dipolar interactions between the 
carboxylate groups of HKUST-1 and the protons of the hydrocarbons. The copper ions 
are shown as floating balls in red. Adapted from Nicholson et al.[23] 
HKUST-1 is a copper-based framework incorporating copper(II) ions with 
square pyramidal coordination geometries and 1,3,5-benzenetricarboxylate 
ligands to form an open structure with aqua ligands coordinated to the apical 
positions of the copper(II) ions, which protrude into the cavities of the MOF. 
HKUST-1 is able to selectively adsorb ethene from mixtures of ethene, ethane 
and propane by means of polar interactions between the carboxylate ligands 
and the ethene molecules (see Figure 1.4).[23] 
The response rate of a gas sensor is of critical importance to its functioning. A 
carbon monoxide sensor that responds over the course of hours will not save 
lives. Conversely, an ethene sensor need not sound a warning every time 
someone eating a banana walks by. Whereas the carbon monoxide sensor is 
expected to react rapidly the ethene sensor would be used to track the dose 
exposure of a load of fruit over the course of weeks, which requires a temporal 
resolution of minutes at most. The timescale on which a sensor is required to 
operate can thus vary significantly and is often one of the deciding factors in the 
choice of what sensor to use for a particular application. The rate at which a 
sensor responds is determined by the chemistry or physics on the sensor 
surface that induces the response. To improve the rate at which the chemical 
and physical interactions between the sensor and the analyte occur sensors are 
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often run at elevated temperatures. The use of elevated temperatures, though 
beneficial to the responsivity of the sensor, requires heat resistant housings and 
larger energy expenses making the choice to run a sensor at elevated 
temperatures a choice between low-power, low responsivity sensors and high-
power, high responsivity sensors. Ideally, a gas sensor shows high response 
rates while operated in a wide temperature window centered on commonly 
encountered ambient temperatures.  
The stability of a gas sensor is determined by the sensor’s ability to produce the 
same signal when exposed to the same concentration of its intended analyte 
regardless of external influences. Such influences consist of factors such as the 
temperature at which the sensor is run, the presence of corrosive or otherwise 
interfering chemicals, electronic interference (both intrinsic and external) and 
the age of the sensor. Particularly the effect of ageing on the performance of the 
sensor surface is of importance when the stability of its response is evaluated. 
A sensor surface that is chemically inert will not change appreciably over time 
and will thus produce the same signal regardless of the sensor’s age. The 
variability of a sensor’s response over time is a measure of the lifetime of a 
sensor. A carbon monoxide detector may be expected to produce reliable 
signals for years while an ethene sensor designed to be shipped with a load of 
produce may only need to retain functionality for the duration of the shipment.  
1.3.2. Existing ethene detection techniques 
Many different techniques have been applied to the purpose of ethene sensing 
and all have their advantages and disadvantages with respect to the criteria 
listed above. In this section the various techniques for the detection of ethene 
that have been reported to date are discussed. The techniques listed include 
common techniques such as gas chromatography, optical detection (including 
photoacoustic detection) and resistive and capacitive electronic detection. 
Some examples of novel, chemical approaches are also included. 
Gas chromatography (GC) is perhaps the most popular technique used to 
qualitatively and quantitatively determine ethene concentrations in air. Gas 
chromatography was the first analytical technique to allow facile, accurate, 
quantitative analysis of ethene levels and caused a significant increase in the 
number of papers being published describing the effects of ethene on plants. In 
GC analysis samples of gas mixtures – typically headspace samples from plants 
in sealed containers – are separated into their constituent gases by 
chromatography over a column. In the column a stationary phase interacts 
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differently with the different gases that make up the mixture resulting in 
different, analyte-specific retention times for each gas. The stationary phase is 
a thin layer of an organic polymer or a material like silica on the inside of a 
capillary. The capillary can be made of glass or an inert, high-temperature 
resistant polymer. The capillary is suspended in a temperature controlled space 
(an “oven”) and gradually heated while the gas mixture moves along the 
stationary phase, propelled by an inert carrier gas (the mobile phase). The inert 
carrier gas is often helium but can also be other gases like argon, dinitrogen or 
even dihydrogen depending on the gas mixtures being analyzed. The ability of 
gas chromatography to separate different gases is typically very good. As 
ethene can be ionized well it lends itself for flame ionizations detection with 
detection limits in the low ppb range (compared to detection limits in the 
hundreds of ppm for thermal conductivity detection). 
Gas chromatographs are typically employed in laboratory settings where their 
size and form factor are not critically important. The columns used in gas 
chromatography are typically tens of meters long and heated to temperatures 
in excess of 250 °C requiring large ovens. For field applications such operational 
parameters are impractical which is why smaller portable devices (“µ–GCs”) 
have been developed for the detection of VOCs. The portable GCs have shorter 
columns that are optimized for the separation of particular gas mixtures in 
shorter timescales and have higher detection limits (and thus comparatively 
poor performance) than the laboratory models. The requirements for columns, 
ovens, sensitive detectors and pure gases for use as mobile phases make gas 
chromatography a comparatively expensive technique. Response times are 
typically around ten minutes as the gases require a certain amount of time on 
the column for good separation. Gas chromatography does, however, offer good 
sensitivity, selectivity and reproducibility which is why in laboratories gas 
chromatography is the “gold standard” for ethene detection. 
Optical detection of gases relies on the fact that molecules can absorb 
electromagnetic radiation (photons). The absorption of photons by a small 
molecule like ethene can result in different effects depending on the energy of 
the photon, such as intramolecular vibrational transitions if the photon is in the 
near-infrared (NIR) or rotational transitions if the photons are in the 
microwave region. The specificity of optical detection methods can be good if a 
transition is chosen that is isolated from transitions with similar energies in 
other gases. The absorption of NIR photons gives a quantitative measure of the 
concentration of the target analyte (i.e. ethene) in the medium.  
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Photoacoustic detection is a popular technique for ethene quantification based 
on NIR (near infrared) absorption. The ethene absorbs the NIR photons and 
heats up while the photons are not absorbed by the other gases. The heating 
effect caused by the light causes the gas to expand. If the heating is frequency 
modulated by pulsing the light source (a laser or a filtered broadband light 
source) the frequency of the light source becomes the frequency at which the 
gas expands (and contracts) which can be measured as sound using sensitive 
microphones. The intensity of the sound corresponds to the fraction of the light 
being absorbed and provides a quantitative measure of the ethene 
concentration in the mixture. The specificity of photoacoustic detection relies 
on the ability to excite exclusively the target gas, which is often difficult and 
requires extensive filtering of the light and signal conditioning and 
compensation. In order to achieve the highest sensitivities it is generally 
necessary to remove background signals of contaminant gases using reference 
samples and additional measurements with light of different wavelengths. In 
ideal conditions photoacoustic detection can have detection limits at hundreds 
of ppb. The required sample volumes are small and the devices can be portable. 
As the sensor effectively relies entirely on the physical properties of ethene the 
reproducibility of this technique is excellent as is the response rate. The 
downside of photoacoustic detection is the requirement for multiple filters, 
signal conditioning and reference samples which drive up the price of the 
equipment. Furthermore a detection limit in the hundreds of ppb is only 
sensitive enough to be used in conjunction with techniques such as pre-
concentration. 
Good results have been obtained using laser-light absorption techniques. Using 
strong CO2 lasers in the far infrared (FIR) in ringdown cavity configurations 
extremely high sensitivities can be achieved with detection limits as low as 10 
ppt (part per trillion). In commercial applications detection limits of around 0.3 
ppt are attainable without the requirement for pre-concentration. The narrow 
bandwidth of laser light makes this technique quite specific and although the 
required lasers are currently cost-prohibitive, the advances in miniaturization 
of lasers in the future could make laser-based detection methods considerably 
more attractive for field applications. 
1.3.3. Ethene detection using metal-containing sensitizers 
In luminescence-based ethene detection the presence of ethene causes a change 
in the luminescent properties of a material, which can be monitored to give a 
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quantitative measure of the amount of ethene. Depending on the underlying 
principle of the sensor ethene can induce an increase or a decrease in the 
luminescence of the device.  
 
Scheme 1.2. Polymers and oligomers of 1,4-bis(methylstyryl)benzene (BMSB) (top) 
and poly(vinyl phenyl ketone) (PVPK) impregnated with silver salts (AgBF4, AgSbF6 or 
AgB(C6F5)4) show a change in luminescent properties in response to ethene 
exposure.[24]  
An example of such a luminescent system has been reported by Santiago 
Cintrón et al. (see Scheme 1.2) who showed that two fluorescent polymers 
impregnated with silver(I) salts respond to ethene exposure by changing their 
emission intensities.[24, 25] Upon exposure to high concentrations of ethene gas 
mixed in air the emission quantum yield of the silver(I) impregnated polymers 
films was quenched. The exact mechanism leading to the luminescent response 
was not determined, but was suggested to be either dissociation of the silver(I) 
ions from the phenyl moieties or enhanced vibrational relaxation of the excited 
state(s) of the polymers due to a decrease in the stiffness of the polymer. The 
required concentrations of ethene for detectable signals were given as 
pressures of ethene gas in the complete absence of other gases. As the lowest 
pressures reported was 50 Torr which would correspond to approximately 
6.6% ethene in air if the absolute ethene pressure were a partial pressure (of 
ethene diluted with air). As 6.6% equals 66000 ppm the limit of detection of the 






















































levels. The silver(I) impregnated poly(vinyl phenyl ketone) system therefore 
does not qualify as an effective ethene-sensing platform. 
The second example of a chemoluminescent ethene-detection system was 
reported by Esser et al. and consists of a fluorescent conjugated polymer 
coordinated to a fluorinated copper(I) hydridotrispyrazolylborate complex 
(see Scheme 1.3).[26] Built into the polymer are rigid pentiptycene and flexible 
tetradecyl spacers to increase its luminescence.  
 
Scheme 1.3. Schematic representation of the luminescent polymer reported by Esser 
et al.[26] Upon exposure to ethene the fluorinated copper(I) hydridotrispyrazolylborate 
complex dissociates from the polymer and luminescence is recovered. 
Coordination of the copper(I) complex to the polymer quenches its 
luminescence. Upon exposure to ethene the copper(I) 
hydridotrispyrazolylborate complex dissociates from the polymer while 
binding ethene, which causes the polymer to become luminescent.  
The copper(I) hydridotrispyrazolylborate complex was selected for it stability 
in air coupled with its strong binding to ethene. The use of an air-stable 
copper(I) complex removes the need for silver(I) salts which are relatively 
expensive as well as light sensitive. A sensor constructed of a thin film of the 
luminescent polymer/complex adduct showed a clear response to ethene 
exposures of 0.1% ethene in dinitrogen. The devices showed stepwise, 
irreversible increases in the signal (the “staircase response”) which indicates 
irreversible behavior on the molecular level, possibly the copper(I) complexes 





































ethene coordination. The selectivity of the sensor is determined by the degree 
to which the copper(I) complex is selective to ancillary ligands. In a 
comparative test the responses to ethanol and acetaldehyde, two other 
coordinating molecules of agricultural relevance, were shown to be 
considerably smaller than the response to ethene. The good selectivity of the 
sensor was, however, offset by the apparent irreversibility of the signals and 
the limit of detection of at least hundreds of ppm which make this platform 
unsuitable for agricultural ethene detection. 
Chemiresistive detection. Although the ability to detect ethene in the 
chemoluminescent sensors relies on the affinity of silver(I) and copper(I) ions 
to reversibly bind alkenes, the actual signal is generated by detection of photon 
emissions. This requirement for detection introduces a source of noise and 
signal loss in the form of imperfect photon detection. As any decrease in the 
signal-to-noise ratio of the sensor directly impacts the lower limit of detection 
it is advantageous to remove as many steps between signal generation and 
detection as possible.  
An example of a system in which signal generation and detection are linked 
directly was published by Esser et al. in 2012.[27] Single-walled carbon 
nanotubes (SWCNTs) were drop casted onto electrodes together with the 
fluorinated copper(I) hydridotrispyrazolylborate complex also used in the 
chemoluminescent sensor (shown in Scheme 1.3). When the resulting devices 
were exposed to dilute ethene gas in dry dinitrogen reversible changes in their 
resistivity were observed for ethene concentrations down to 500 ppb, a 
significant improvement over the chemoluminescent sensors. It was shown 
that the addition of crosslinked polystyrene beads to the SWCNT/complex 
suspension improved the sensors’ sensitivity. This chemiresistive sensor shows 
reasonable sensitivity, good selectivity and good response times. The reported 
lower limit of detection of 500 ppb is in the biologically relevant range as 
demonstrated by Esser et al. who showed sensor responses to ethene emitted 
by fruit samples.  
The desirable properties of the sensor are offset by poor reproducibility due to 
the use of the SWCNTs. *  SWCNTs are grown by chemical vapor deposition 
                                                             
 
*  The work on chemiresistive sensors based on SWCNTs was found to be poorly 
reproducible. Resistance values were highly variable per sample and over time.  
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(CVD) using a feed-gas like methane which deposits carbon on transition metal 
nanoparticles at high temperatures. This method results in the formation of 
mixtures of SWCNTs with different chiralities and non-negligible amounts of 
metallic SWCNTs. As purification of SWCNTs has not been perfected yet these 
impurities are present in varying amounts and composition in all commercially 
available samples of SWCNTs making mechanistic understanding of a sensor 
based on them impossible; e.g. a small impurity of metallic carbon nanotubes 
may give rise to 99% of the signal. Additionally the stacking interactions 
between carbon nanotubes are strongest when they are aligned side-by-side; a 
crisscross stacking is therefore thermodynamically unstable and likely to show 
significant changes in resistivity over time as the SWCNTs settle into 
thermodynamically more favorable orientations.  
1.4. Copper(I) hydridotrispyrazolylborate complexes 
for ethene sensing 
As discussed in the previous section the coinage metals and copper in 
particular, can be used for the detection of ethene. Particularly copper 
complexes of hydridotrispyrazolylborate ligands offer potential for fine tuning 
through ligand modification while maintaining stable coordination 
environments. Hydridotrispyrazolylborate ligands offer a combination of 
tunability and long-term stability. This tunability is particularly useful for 
application in sensors as these properties allow for careful modification of the 
chemical and physical properties of complexes used as sensitizers. 
Hydridotrispyrazolylborate borate ligands (often referred to as scorpionates) 
were first developed in the 1960’s by Trofimenko et al. who explored their 
synthesis and regiochemistry in great detail.[28-30]  
The archetypical hydridotrispyrazolylborate ligand is a facially coordinating 
tripodal ligand comprising three pyrazoles linked by a monoanionic 
hydridoborate moiety. Typically the regiochemistry of 
hydridotrispyrazolylborate ligands is dictated by the relative nucleophilicity of 
the nitrogen atoms of the pyrazole ring. In pyrazoles lacking particularly 
electron-withdrawing substituents the least sterically hindered nitrogen atom 
will be the most nucleophilic which places the bulkiest substituent in the 3-
position (see Scheme 1.4). For this reason the hydridotrispyrazolylborate 
ligands are typically abbreviated with the implicit assumption that 
monosubstitution of the pyrazole leads to a hydridotrispyrazolylborate ligand 
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with the substituent in the 3-position. The abbreviation of scorpionate ligands, 
including hydridotrispyrazolylborates is as follows: The first (capital) letter 
indicates the number of azole rings on the central atom, Tris, Bis or Mono. The 
second letter (or two letters) indicate the nature of the azole: “p” for pyrazoles, 
“tz” for triazole (implicitly assumed to be 1,2,4-triazole) etc. Substituents on the 
azole are assumed to be at the 3 position first, the 5-position second and are 
mentioned in that order in superscript. If a substituent is placed on the central 
boron atom it is indicated before the capital letter. Finally, if a carbon atom is 
used instead of a boron atom an “m” (of methane) is placed after the 
abbreviation of the azole. Thus a hydridotrispyrazolylborate ligand with only a 
single phenyl substituent per pyrazole ring is abbreviated as [TpPh]–; a 
dihydridobistriazolylborate with two trifluoromethyl groups per triazole is 
[Btz(CF3)2]– and a trispyrazolylmethane with two phenyl rings per pyrazole is 
TpmPh2. [TpPh]– and [TpPh2]– are depicted in Scheme 1.4 as examples. 
 
Scheme 1.4. a. The hydridotrispyrazolylborate backbone, three pyrazole rings 
connected by a central hydridoborate. b. abbreviated structure of the same, basic 
hydridotrispyrazolylborate structure showing the 3, 4 and 5-positions on the pyrazole 
rings. The third pyrazole ring is indicated as –[N=N] for the sake of clarity; unless 
specifically mentioned otherwise it is assumed to have the same structure and 
orientation as the other pyrazole rings. c. and d. examples of mono- and di-substituted 
hydridotrispyrazolylborate ligands, respectively [TpPh]– and [TpPh2]–. 
The ability of monovalent coinage metal cations to coordinate alkenes has been 
studied in depth revealing interesting chemistry. As the coordination chemistry 
of ethene ligands is strongly dependent on the π-backbonding ability of the 
metal center it is useful to consider the electron density on the Cu(I), Ag(I) and 
Au(I) centers. The electron density of a metal center can be studied indirectly 
via the ligands using techniques such as infrared and NMR spectroscopy. The 
infrared CO stretching frequency of a carbonyl complex offers insight into the 
electron density of a metal center. The π-backbonding interactions of a metal 
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center into a π* orbital of CO result in weakening of the π bond in the CO ligand 
generating a lower CO stretching frequency. Thus, a more electron-rich metal 
center can be recognized by a greater lowering of the CO stretching frequency. 
If a metal center has no π-backbonding interactions with the CO ligand an 
increase of the CO stretching frequency can be observed instead, as the lone 
pair at carbon is slightly anti-bonding in character. Metal centers that have little 
or even no π-backbonding interactions generally are in high oxidation states; 
they thus have no electrons to donate into the π* orbitals of the ligands or 
severely contracted orbitals which do not overlap significantly with the π* 
orbitals of the ligand. CO stretching frequencies observed in copper(I) 
hydridotrispyrazolylborate carbonyl complexes are typically in the range 
2137–2057 cm–1 with most electron-poor copper(I) center occurring in the 
complex [Cu(Tp(CF3)2)(CO)] and the most electron-rich copper(I) center 
occurring in [Cu(Tp(iPr)2)(CO)].[31, 32] In contrast with the classical behavior of 
the copper(I) complexes the silver(I) and gold(I) complexes show higher CO 
stretching frequencies, as shown by the examples [Ag(MeTpC2F5)(CO)] (2153 
cm–1), [Au(Tp(CF3)2)(CO)] (2144 cm–1) and [Au(CF3)(CO)] (2194 cm–1).[33-35] 
These values show that while in copper(I) carbonyl adducts π-backbonding 
significantly contributes to M–CO interactions this is not necessarily the case 
for silver(I) and gold(I) carbonyl complexes. Typically the CO stretching 
frequencies of coinage metals appear to follow the trend Ag > Au > Cu, but the 
different coordination geometries observed for the various complexes makes 
honest comparison troublesome. In general it appears that the bonding 
interactions between coinage metals and ligands such as ethene and carbon 
monoxide is most covalent in nature in gold(I) and least so in silver(I) with 
copper(I) in between.[35, 36]  
Unfortunately, although the fundamental considerations of the bonding 
interactions between coinage metal ions and π-acceptor ligands such as ethene 
and carbon monoxide are certainly interesting, silver and gold are not suitable 
for long-term ethene detection. This stems from the practical consideration that 
a metal complex used for ethene sensing must be stable in biologically relevant 
conditions including temperatures as high as 40 °C and bright light.  
In view of the latter requirements only the copper(I) complexes are potentially 
stable enough to serve as sensitizers in ethene sensors. For this reason further 
discussion in this work shall be exclusively focused on copper(I) 
hydridotrispyrazolylborate complexes. It is important to note that even in the 
case of copper(I) hydridotrispyrazolylborate complexes care must be taken to 
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stabilize the copper(I) center with respect to oxidation in air. This is achieved 
by lowering the electron density at the copper(I) center using electron-
withdrawing substituents on the hydridotrispyrazolylborate ligand. It has been 
shown that trifluoromethyl groups such as those in the ligands [TpCF3]–, 
[TpCF3,Ph]– and [Tp(CF3)2]– results in air-stable copper(I) compounds.[37, 38]  
1.5. Aim and outline of this thesis 
The aim of the work described in this thesis is to identify useful copper(I) 
hydridotrispyrazolylborate complexes for ethene detection using a 
chemiresistive sensor. For this purpose the design, synthesis and coordination 
chemistry of hydridotrispyrazolylborate ligands was undertaken using a dual 
approach in which the steric and electronic properties of the ligands were 
varied. As the most promising literature example of a copper(I) sensitized 
ethene sensor consisted of a SWCNT device, the focus of the work was on 
copper(I) complexes with desirable properties for this application. Ligands 
were designed for which π-stacking interactions with carbon allotropes such as 
SWCNTs and graphene would be prominent while retaining the oxidative 
stability of the fluorinated complexes. To improve the interaction between the 
carbon materials and the copper(I) complexes substituents such as phenyl and 
naphthyl groups were introduced into the hydridotrispyrazolylborate ligands.  
The development of the bulky ligand [TpPh2]– resulted in the unexpected side 
product KMpPh2, which proved to be a highly interesting ligand for the synthesis 
of luminescent heteroleptic copper(I) phosphane complexes as described in 
Chapter 2. Even though these complexes showed no response upon exposure to 
ethene, the unusual stability of the heteroleptic compounds and the bright 
phosphorescence observed in one of the complexes merits inclusion in this 
thesis. 
In Chapter 3 the synthesis of the 1-naphthyl and 2-naphthyl substituted 
fluorinated hydridotrispyrazolylborate ligands [Tp1Nt,CF3]– and [Tp2Nt,CF3]– are 
described. The synthesis and characterization of their copper(I) coordination 
compounds with carbonyl and ethene ligands are reported.  
In Chapter 4 the synthesis and characterization of the extremely bulky 
dinaphtyl-substituted ligands [Tp(1Nt)2]– and [Tp(2Nt)2]– and their copper(I) 
carbonyl and ethene complexes is described. Despite the seemingly small 
differences between the ligands their copper(I) complexes revealed 
significantly different physical properties. The ligands were devised with π-
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stacking on SWCNTs and graphene in mind; for this reason the interaction of 
the carbonyl complexes on graphene was studied using atomic force 
microscopy (AFM) and scanning tunneling microscopy (STM).  
In Chapter 5 the copper(I) chemistry is described of a spectrochemical series of 
ligands based on the hydridotrispyrazolylborate ligand [TpCF3,RPh]–. The ligands 
are effectively isostructural while ranging from strongly electron-withdrawing 
to mildly electron-donating. The small changes in the electronic nature of the 
ligands is not only reflected in the CO stretching frequencies of their 
corresponding copper(I) compounds, but also in the proton shifts of the ethene 
ligands in 1H NMR of the corresponding ethene copper(I) compounds, which 
can be related to the Hammett parameter of the functional group R. 
Chapter 6 is focused on the application of the copper(I) 
hydridotrispyrazolylborate complexes described in this work as sensitizing 
layers in a graphene-based ethene sensor. In search of trends concerning the 
sensitivity towards ethene sensing, the spectrochemical series described in 
Chapter 5 in particular is used as the focal point for comparison of the various 
complexes with respect to their effectiveness as sensitizers. 
This thesis is concluded with a general summary and outlook in Chapter 7. 
The societal implications associated with the sensors that might result from the 
work in this thesis are analyzed in appendix I. 
Parts of the work presented in this thesis have been published (Chapter 2, 3 and 
5),[39-41] or are being prepared for publication (Chapters 4 and 6). The results of 
this thesis, in particular Chapter 6, have also served as the basis for a patent 
covering the resulting graphene-based ethene sensor.[42] 
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Chapter 2 
2. Bright cyan phosphorescence of a phosphane 
copper(I) complex of the trihydridopyrazolylborate 
ligand [H3B(3,5-Ph2pz)]– 
The ligand trihydrido(3,5-diphenylpyrazol-1-yl)borate ([MpPh2]–)has been 
synthesized from 3,5-diphenylpyrazole and sodium borohydride in 
dimethylformamide. Using this ligand three phosphane-stabilized copper(I) 
complexes [Cu(MpPh2)(L2)] (L2 = (PPh3)2, 1,2-bis(diphenylphosphanyl)ethane 
(dppe) or 1,2-bis(diphenylphosphanyl)benzene (dppbz)) were synthesized. The 
complexes were characterized by multinuclear NMR spectroscopy, IR 
spectroscopy and X-ray crystallography. The crystal structures of these complexes 
show that the copper ions are in trigonal pyramidal geometries with the apical 
position formed by Cu–H interactions between the Cu(I) center and one of the 
hydrides of the borate ligand. The complexes [Cu(MpPh2)(PPh3)2] and 
[Cu(MpPh2)(dppbz)] are mononuclear whereas the complex [Cu2(MpPh2)2(µ-
dppe)2] is dinuclear with bridging dppe ligands. In the solid state fluorescent 
emissions are observed in [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] but not 
in [Cu(MpPh2)(dppbz)], which exhibits bright cyan phosphorescence at room 
temperature that shifts to green when the sample is cooled to 77 K. The 
phosphorescence of [Cu(MpPh2)(dppbz)] is attributed to mixed inter-ligand and 
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Polypyrazolylborates are a mainstay of inorganic chemistry; their unique 
properties as highly versatile facially coordinating, anionic σ-donor ligands 
have led to their extensive use in coordination chemistry.[1-3] The archetypal 
polypyrazolylborate ligand consists of three pyrazolyl groups covalently linked 
to a single monohydridoborate center. This ligand was first devised by 
Trofimenko et al. in 1966[4] and has since been expanded upon to form a class 
of facially-coordinating tridentate ligands incorporating a wide variety of donor 
atoms,[5-9] central linkers[10-12] and functional groups.[13-16] The synthesis of 
classical polypyrazolylborates typically involves stepwise heating of a 
tetrahydridoborate salt with a (substituted) pyrazole to yield alkali 
hydridopolypyrazolylborate salts. Stepwise heating results in the sequential 
formation of hydridopyrazolylborates starting with the 
trihydridopyrazolylborate (abbreviated as Mp–),[17] via the disubstituted (Bp–) 
to the tri- or even tetra-substituted species (Tp– and PzTp– respectively). The 
tetra(pyrazolyl)borates are only formed when pyrazoles are used that have no 
substituents in their 5 position. In the case of particularly acidic pyrazoles such 
as 3-trifluoromethylpyrazole and 3-nitropyrazole, the formation of the Mp– 
intermediates occurs at temperatures near room temperature, giving access to 
a class of (potentially) monodentate ligands incorporating a pendant anionic 
trihydridoborate group.[18, 19] As the focus of research into pyrazolylborate 
ligands tends to be on the chelating Bp– and Tp– ligands the coordination 
chemistry of Mp– ligands is mostly unexplored. Unusual chemistry has been 
reported for the Mp– ligands based on 3-nitropyrazole and 3-
trifluoromethylpyrazole such as the formation of the 5-substituted ligand 
[Mp5CF3]– rather than the expected 3-substituted ligand as is the case for the 
corresponding [Bp3CF3]–.[19] The complexes of trihydridoborate or 
dihydridoborate ligands are known to include relatively rare examples of Cu–H 
interactions as observed in [Cu[κ2N,H-Bp(CF3)2)(PPh3)2] (Scheme 2.1, a),[20] 
[Cu(MpNO2)(PPh3)2] (Scheme 2.1, d) and [Cu(Mp5-CF3)(PPh3)2] (Scheme 2.1, c) 
and the bridging hydrides in [(Cu{κ3N,N’,µ-H-Bp(CF3)2}{tBuNC})2]2 (Scheme 2.1, 
b).[21] Cu–HB interactions have also been reported for species such as 
[Cu(PPh3)2(η2-BH4)] (Scheme 2.1, f),[22, 23] [(PPh3)2Cu(µ-η2:η2-BH4)Cu(PPh3)2]+ 
(Scheme 2.1, g),[24] [Cu(P{OEt}3)2(η2-BH4)], and [Cu(P{OEt}3)2(η2-H3BCO2Et)] 
(Scheme 2.1, e),[25] which yielded surprising chemistry such as the (albeit 
limited) stability of [(PPh3)2Cu(µ-η2:η2-BH4)Cu(PPh3)2]+ in acidified methanol.  
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Scheme 2.1. Examples of Cu–H interactions in complexes of Mp– or Bp– ligands (a-d) 
and complexes of the BH4– anion (e-g).  
In our investigations of diphenyl-substituted trispyrazolylborates, the 
monopyrazolylborate KMpPh2 was isolated as a result of the incomplete 
formation of KTpPh2. As the chemistry of such trihydridopyrazolylborates was 
relatively unexplored, we set out to synthesize copper(I) compounds. 
Phosphane ligands were used to complete the coordination sphere of the 
copper ions.  
2.2. Results and discussion 
2.2.1. Syntheses of the ligand and the complexes 
The trihydrido(3,5-diphenylpyrazol-1-yl)borate ligand was synthesized as its 
potassium salt by slowly heating potassium borohydride and an excess of 3,5-
diphenylpyrazole to 130 °C in DMF and was obtained as a feathery white solid 
in moderate yield (see Scheme 2.2). The use of an excess of 3,5-
diphenylpyrazole did not result in the formation of the bis- or 
trispyrazolylborates. The use of temperatures in excess of 130 °C, however, 
does lead to the slow formation of the dihydridobis(3,5-diphenylpyrazol-1-
yl)borate (KBpPh2) and must be avoided. The product was purified by washing 
with warm DCM and Et2O to remove the excess 3,5-diphenylpyrazole which 
also resulted in the loss of some product that is slightly soluble in DCM. The 
resulting product is pure except for an impurity that most likely consists of 
potassium borate or boric oxide and hydroxide salts resulting from the reaction 
between NaBH4 and traces of water in the solvent; these salts can be removed 
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Scheme 2.2. Synthesis of KMpPh2 from 3,5-diphenylpyrazole. 
To study the influence of steric bulk on complex formation three phosphane 
ligands were chosen with various steric properties; PPh3 was chosen for its 
steric bulk and conformational flexibility, 1,2-bis(diphenylphosphanyl)ethane 
(dppe) has a similar steric bulk to PPh3 but a decreased conformational 
flexibility and 1,2-bis(diphenylphosphanyl)benzene (dppbz) has a rigid aryl 
backbone. The copper complexes of [MpPh2]– were prepared by adding the 
ligand to solutions of [Cu(PR3)2I]2 in DCM (see Scheme 2.3). These copper iodide 
complexes were not isolated but synthesized in situ by adding solid CuI to 
solutions of phosphane ligand and stirring until a clear solution had formed (the 
solution containing dppe remained a suspension, likely due to the formation of 
coordination polymers). Addition of solid KMpPh2 resulted in white suspensions 
which were filtered to remove the insoluble KI byproduct. [Cu(MpPh2)(PPh3)2], 
[Cu2(MpPh2)2(µ-dppe)2] and [Cu(MpPh2)(dppbz)] were initially obtained as 
sticky solids, which were purified by precipitation from THF using n-hexane to 
yield the pure compounds as fine needles. The complexes were obtained in 
good yields (>80%), [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] as 






















Scheme 2.3. Synthesis of the phosphane complexes from CuI. PR3 = PPh3, ½dppe or 
½dppbz. 
When [Cu(MpPh2)(dppbz)] was synthesized in DCM a green fluorescent by-
product formed that was identified using X-ray crystallography as [Cu2(µ-
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Cl)2(dppbz)2], of which the structure has already been reported.[26] To ensure 
the absence of this by-product (presumably formed by chloride abstraction 
from the solvent) in other compounds all subsequent samples were prepared 
in THF instead. 
2.2.2. Infrared spectroscopy 
The infrared spectrum of KMpPh2 shows weak vibrations around 3060 cm–1 
corresponding to C–H stretching vibrations in the aromatic rings, strong 
absorptions at 692 and 759 cm–1 for the C–H out-of-plane bending vibrations in 
the aromatic rings and characteristic strong bands at 2270 and 2304 cm–1 
attributed to symmetrical and antisymmetric B–H stretching vibrations. 
Table 2.1: Overview of IR vibrations of monopyrazolyl borate ligands and 
their phosphane copper(I) compounds.a 
 Absorption ranges cm–1 
 2400 – 2200 2200 – 1900 Ref. 
KMpPh2 2304 s 
2271 vs 
 this work 












[Cu2(MpPh2)2(µ-dppe)2] 2350 m 
2288 m 
2065 m this work 
[Cu(MpPh2)(dppbz)] 2350 m 
2293 m 











[Cu(PPh3)2(H3BCO2Et)] 2380 2030 [25] 
[Cu(MpNO2)(PPh3)2] 2356 m 
2287 m 
 [18] 





a) s = strong, m = medium, w = weak, vw = very weak. 
 
When the ligand is coordinated to copper(I) a second cluster of absorptions 
with lower wavenumbers (approx. 2000 cm–1) appears indicative of a change in 
the bonding environment around the hydrogen atoms of the hydridoborate 
group.[28] The absorptions at 2000 cm–1 are attributed to the coordinating 
hydrides. In the free ligand a strong absorption for R-BH3 bending vibrations is 
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observed at 1169 cm–1 which decreases strongly in intensity when the ligand is 
bound to the copper ion. Similar absorptions have been reported for the BH3– 
groups of [H3BCO2Et]– in compounds such as [Cu(P{OEt}3)(H3BCO2Et)] and 
[Cu(PMePh2)(H3BCO2Et)].[25] In Table 2.1 an overview is presented of the 
infrared absorption bands of compounds similar to KMpPh2 and their copper(I) 
complexes. The IR data of phosphane-stabilized copper(I) complexes such as 
[Cu(PPh3)2(BH4)], [Cu(PPh3)2(H3BCO2Et)], [Cu(MpNO2)(PPh3)2] and [Cu(Mp5-
CF3)(PPh3)2] are included to for comparison. It is interesting to note that while 
both [MpNO2]– and [Mp5CF3]– have strongly electron-withdrawing substituents 
only the compound [Cu(Mp5CF3)(PPh3)2] actually shows the expected higher 
wavenumbers for the stretching vibrations of the terminal and coordinating 
hydrides.  
2.2.3. Description of the structures 
X-ray quality crystals of [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2] and 
[Cu(MpPh2)(dppbz)] were obtained by recrystallization of the complexes from 
THF through vapor diffusion of hexane or hexane/Et2O. Projections of the 
structures are shown in  Figure 2.1; selected bond distances and angles are 
collected in Table 2.2. The three crystal structures reveal a shared motif of a 
pseudo-trigonal planar coordination around the copper(I) center with slight 
displacements (ranging from 0.23 to 0.27 Å) of the copper(I) ion out of the plane 
towards one of the hydrogen atoms of the trihydridoborate group. The Cu–N 
distances in [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2] and 
[Cu(MpPh2)(dppbz)] are 2.0110(11), 2.0053(17) / 2.0167(16) and 1.9890(17) 
Å respectively, which are within the range of the distances observed for the 
structurally similar complexes [Cu(MpNO2)(PPh3)2] and [Cu(Mp5CF3)(PPh3)2] 
(1.932(7) Å and 2.0422(14) Å).[18, 19] The shortest Cu–N distance is 1.9890(17) 
Å in [Cu(MpPh2)(dppbz)]; this difference in Cu–N bond lengths is attributed to 
the difference in steric bulk of the PPh3, dppe and dppbz ligands. The smaller 
steric hindrance between the bulky MpPh2 and the dppbz ligand allows the 
[MpPh2]– ligand to approach the copper(I) center more closely. An even shorter 
Cu–N distance is found in [Cu(MpNO2)(PPh3)2] (1.932(7) Å), for which the NO2 
group is co-planar with the pyrazole ring thus limiting its steric interaction with 
the phosphane ligands. The Cu–P distances range from 2.2270(5) Å in 
[Cu2(MpPh2)2(µ-dppe)2] to 2.2629(4) Å in [Cu(MpPh2)(PPh3)2] and are similar to 
those observed in other complexes like [(PPh3)2Cu(µ-η2:η2-BH4)Cu(PPh3)2]+ 





Figure 2.1. Displacement ellipsoid plots (50% probability level) of a) 
[Cu(MpPh2)(PPh3)2], b) [Cu(MpPh2)(dppbz)] and c) [Cu2(MpPh2)2(µ-dppe)2] (a = 
symmetry operation –x, -y, -z). Hydrogen atoms (except those bound to the boron atom) 
are omitted for clarity. 
The Cu–P distances in [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] are 
significantly different from those in [Cu(MpPh2)(dppbz)]; their asymmetry is 
ascribed to the steric bulk of the [MpPh2]– ligand which causes a greater steric 






steric interaction between the [MpPh2]– and the dppbz ligand may also explain 
the much smaller asymmetry in [Cu(MpPh2)(dppbz)]. 
Table 2.2. Selected bond lengths (Å) and angles (°) in [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2]a 
and [Cu(MpPh2)(dppbz)]. 
 [Cu(MpPh2)(PPh3)2] [Cu2(MpPh2)2(µ-dppe)2] [Cu(MpPh2)(dppbz)] 
Cu1–N1 2.0110(11) 2.0053(17) 1.9890(17) 
Cu1–P1 2.2292(4) 2.2270(5) 2.2540(5) 
Cu1–P2 2.2629(4) 2.2524(5) 2.2441(5) 
Cu1–H1B 1.900(18) 2.00(2) 1.89(3) 










P1–Cu1–P2 124.069(14) 125.06(2) 89.406(19) 
N1–Cu1–P1 123.39(3) 119.71(5) 132.61(5) 
N1–Cu1–P2 108.53(4) 110.53(5) 134.29(5) 
N1–Cu1–H1 77.8(5) 76.1(7) 81.9(8) 
P1–Cu1–H1 106.3(5) 105.8(7) 103.1(8) 
P2–Cu1–H1 103.4(5) 106.4(7) 108.8(8) 
a data given for the ordered fragment only, b H1 = coordinating hydrogen atom. 
 
The sum of the coordination angles of the N and two P atoms around the Cu 
center is 356.0° in [Cu(MpPh2)(PPh3)2], 355.3° in [Cu(MpPh2)(dppe)] and 356.3° 
in [Cu(MpPh2)(dppbz)], indicating geometries of the copper ions to be very close 
to perfect trigonal pyramidal with an additional Cu–H interaction in the apical 
position. The sum of the coordination angles in the basal plane in 
[Cu(Mp5CF3)(PPh3)2] is 352.0°. The smaller distortion from perfect planarity in 
our complexes is most likely caused by the greater steric bulk of the [MpPh2]– 
ligand forcing the coordinating pyrazole-N donor atom away from the 
phosphane ligands. The Cu–H bond lengths observed in [Cu(MpPh2)(PPh3)2], 
[Cu2(MpPh2)2(µ-dppe)2] and [Cu(MpPh2)(dppbz)] are 1.90(2) Å, 2.01(3) Å and 
1.89(3) Å, respectively, which are typical for distances generally observed in 
copper(I)-hydride compounds. The longer Cu–H bond length for the dinuclear 
complex compared to those observed in the PPh3 and dppbz complexes is 
presumed to be the result of greater steric hindrance by the dppe ligands 
compared to the other phosphanes forcing the [MpPh2]– ligand out of the way 
and shifting the hydride away from the copper(I) center. Although the results 
are in agreement with the expectations it is important to remain mindful of the 
fact that the exact location of hydrogen atoms using X-ray diffraction is difficult. 
The packing observed in the crystal structures are dominated by π-stacking 
interactions between the phenyl and pyrazole rings. The structures of 
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[Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] are solvent free, whereas the 
crystal structure of [Cu(MpPh2)(dppbz)] contains some voids occupied by a 
mixture of THF and Et2O solvent molecules. This difference may be explained 
by the limited conformational freedom in the dppbz ligand compared to PPh3 
and dppe, which also results in a smaller P-Cu-P coordination angle. The P-Cu-
P angles for [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2] and 
[Cu(MpPh2)(dppbz)] are 124.069(14)°, 125.06(2)° and 89.406(19)°. 
2.2.4. NMR spectroscopy 
The room-temperature 1H, 11B and 13C and 31P NMR spectra (when applicable) 
were recorded of the ligand and copper compounds. The 1H NMR spectrum of 
KMpPh2 in CD3OD shows a characteristic broad quartet due to splitting by 11B (I 
= 3/2) at 2.44 ppm for the BH protons, in DMSO-d6 this signal is located at 3.37 
ppm and in THF-d8 the signal appears at 2.39 ppm. The signal for the hydrides 
should consist of a superimposed quartet and smaller septet (resulting from 
splitting by the 10B nuclei, I = 3), however line broadening due to the asymmetry 
around the quadrupolar 10B and 11B-nuclei meant no such splitting was 
discernable; the broad quartet is the result of convolution of the broadened 11B-
split quartet and the 10B-split septet.[28] The 11B NMR of KMpPh2 in CD3OD 
showed a broad quartet at –4.2 ppm with a 1H-11B coupling constant of 99 Hz, 
in THF-d8 the signal was observed at –3.8 ppm as a broad singlet. In the 
synthesis of KMpPh2 the product could be distinguished from the disubstituted 
product in the 11B NMR spectrum of the reaction mixture where KBpPh2 is 
evident as a broad singlet with a chemical shift of 6.4 ppm (THF-d8). 
The 1H-, 11B-, 13C- and 31P NMR spectra of the copper compounds were recorded 
in CD2Cl2. The solubility of the complexes in dichloromethane is limited but 
other solvents such as CDCl3, acetone-d6 and DMSO-d6 were found to be 
inapplicable because the complexes appeared to be unstable in these solvents 
over time. In the case of [Cu(MpPh2)(dppbz)] the solution in DCM was stable for 
long enough to record the NMR spectra but degraded slowly over the course of 
days. The 1H NMR spectra of the three complexes were found to be similar with 
small differences in the –BH3 peaks with easily recognizable broad doublets 
with shoulders at 3.13 ppm, 2.99 ppm and 3.03 ppm for [Cu(MpPh2)(PPh3)2], 
[Cu2(MpPh2)2(µ-dppe)2] and [Cu(MpPh2)(dppbz)] respectively. The 4-H pyrazole 
protons were found at 6.66, 6.72 and 6.72 ppm respectively, indicating very 
little influence of the phosphane ligands on the chemical environment of the 
pyrazole rings. Similarly, in the 11B NMR spectra the peaks of the –BH3 groups 
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were observed as broad singlets with no discernable splitting pattern at –0.74, 
–0.58 and –0.81 ppm respectively. The phosphane ligands were characterized 
using 31P NMR and showed singlets at –1.25 ppm, –8.28 ppm and –9.13 ppm. 
2.2.5. Luminescence studies 
During recrystallization it was noted that while [Cu(MpPh2)(PPh3)2] and 
[Cu2(MpPh2)2(µ-dppe)2] crystallize as colorless solids, the crystals of 
[Cu(MpPh2)(dppbz)] are slightly colored. Upon inspection using a UV-light 
source (366 nm, 298 K) a crystalline sample [Cu(MpPh2)(dppbz)] was found to 
exhibit bright cyan luminescence both in the presence and absence of dioxygen 
(under argon). The structurally less rigid [Cu(MpPh2)(PPh3)2] and 
[Cu2(MpPh2)2(µ-dppe)2] are only weakly luminescent. In the solid state at 298 K 
crystalline samples of [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2] and 
[Cu(MpPh2)(dppbz)] have single absorption bands in the near-UV and broad 
emission peaks with maxima at 451 nm for [Cu(MpPh2)(PPh3)2], 486 nm for 
[Cu(MpPh2)(dppbz)] and 488 nm for [Cu2(MpPh2)2(µ-dppe)2] (Figure 2.2). The 
strong emission of [Cu(MpPh2)(dppbz)] (with an absolute quantum yield Φem of 
0.44) was examined in greater detail by studying its luminescence under 
cryogenic conditions; when a solid sample of [Cu(MpPh2)(dppbz)] is cooled 
using liquid nitrogen the luminescence visibly changes from cyan to green. 
Closer inspection of the emission band of [Cu(MpPh2)(dppbz)] revealed that the 
emission band of [Cu(MpPh2)(dppbz)] is composed of at least two emission 
peaks that can be deconvoluted into two Gaussians with maxima at 481 nm 
(cyan) and 524 nm (green) and that the intensity of the green emission relative 
to the cyan emission increases and slightly redshifts when the sample is cooled 
using liquid nitrogen (see Appendix II). An abrupt change in the ratio of the 
integrals under the Gaussians occurs around 200 K, visible as a change from 
green to cyan, which we tentatively ascribe to a change in the crystal packing of 
[Cu(MpPh2)(dppbz)]. This assertion is substantiated by the fact that an 
amorphous sample of [Cu(MpPh2)(dppbz)] is green upon irradiation at 380 nm 
whereas a crystalline sample shows cyan phosphorescence. It is well known 
that CuI-diphosphane complexes with limited structural flexibility can exhibit 
strong luminescence; typically this luminescence is observed as broad emission 
bands in the visible spectrum with large Stokes shifts indicative of triplet 
excited states. In similar compounds comprising CuI centers and phosphane 
ligands the excited states have been ascribed to combinations of π-π* or halide-
to-ligand charge transfer (XLCT) transitions and MLCT transitions in which 
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electron density from the CuI center moves to the π*-orbitals of the phenyl rings 
on the phosphane ligand.[26, 29, 30] 
 
Figure 2.2. Normalized solid state excitation (dashed lines) and emission (solid lines) 
spectra of [Cu(MpPh2)(PPh3)2] (blue, excited at 340 nm), [Cu2(MpPh2)2(µ-dppe)2] (red, 
excited at 385 nm) and [Cu(MpPh2)(dppbz)] (green, excited at 385 nm). 
In the MLCT transition the formal oxidation state of the CuI center changes from 
+1 to +2. As CuII ions favor square-planar geometries instead of the tetrahedral 
structures typically assumed by CuI compounds, the excited state of a CuI 
chromophore will undergo a rearrangement in order to achieve a lower-energy 
conformation. Prevention of this rearrangement is considered to be of key 
importance for stabilizing the excited state and is typically achieved by adding 
bulky substituents to the ligands thus limiting the conformational flexibility of 
the ligands. Considering that all phosphane ligands used in this work have 
similar bulk the observed difference in luminescence must stem from their 
different conformational flexibilities. Indeed dppbz is the least flexible of the 
phosphanes used in this work yielding the most luminescent complex. 
The luminescence lifetimes of [Cu(MpPh2)(PPh3)2], [Cu2(MpPh2)2(µ-dppe)2] and 
[Cu(MpPh2)(dppbz)] in the solid state were studied in air at room temperature 
(see Appendix II). [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] show multi-
exponential decay curves consisting of decays on the nanosecond and 
microsecond timescales while [Cu(MpPh2)(dppbz)] shows only a bi-exponential 
































nanosecond timescale emissions are attributed to fluorescence from the singlet 
excited states while the longer lifetimes on the microsecond timescale are 
attributed to phosphorescence from the triplet excited states. The fluorescence 
decays of [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2] are mono-
exponential with lifetimes of 1.0 ns and 0.6 ns respectively. The 
phosphorescence decay of [Cu(MpPh2)(PPh3)2] was too weak to fit with 
satisfying quality, the phosphorescence decay of [Cu2(MpPh2)2(µ-dppe)2] could 
be tail-fit with a bi-exponential decay function showing lifetimes of 1.4 µs 
(78%) and 6.0 µs (22%). The bi-exponential decay of [Cu(MpPh2)(dppbz)] 
shows lifetimes of 1.0 µs (72%) and 3.1 µs (28%). It has been suggested that the 
longer time required for the flattening distortion of the initially tetrahedral S1 
state in the more sterically hindered complexes (such as [Cu(MpPh2)(dppbz)] 
compared to [Cu(MpPh2)(PPh3)2] and [Cu2(MpPh2)2(µ-dppe)2]) allows for 
intersystem crossing to the T1 excited state to occur which would explain the 
observation that fluorescent emissions are observed in [Cu(MpPh2)(PPh3)2] and 
[Cu2(MpPh2)2(µ-dppe)2] but not in [Cu(MpPh2)(dppbz)].  
 
Figure 2.3. Frontier molecular orbitals for [Cu(MpPh2)(dppbz)] at B3LYP/ATZP level 
of theory. 
The HOMO and LUMO for the ground state of [Cu(MpPh2)(dppbz)] were 
calculated (in vacuum) using DFT calculations using the crystal structure of 
[Cu(MpPh2)(dppbz)] at the B3LYP/ATZP level of theory (see  
Figure 2.3). The HOMO is composed mostly of contributions from π functions 
on the [MpPh2]– ligand and d orbitals of the copper center while the LUMO has 
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only minor contributions from the copper center and significant contributions 
from π orbitals on the dppbz ligand. Based on the orbital populations of the 
frontier orbitals, the large Stokes shifts and the microsecond lifetimes of the 
excited states we assign the excited state(s) as a ligand-to-ligand charge 
transfer mixed with metal-to-ligand charge transfer 3(MLCT + LLCT). The 
calculated energy levels of the HOMO and LUMO are –5.45 and –1.73 eV 
respectively.  
2.3. Conclusions 
The ligand [MpPh2]– was found to have interesting structural chemistry when 
coordinated to copper(I) phosphane complexes including pseudo-bidentate 
coordination and significant interaction between one of the B–H hydrides and 
the copper center. This type of chromophore offers the potential for further fine 
tuning of the luminescence properties of copper(I) phosphane complexes. 
There appears to be a relation between the crystallinity of the compound 
[Cu(MpPh2)(dppbz)] and its primary luminescence wavelength which we have 
attributed to crystal packing effects influencing the rearrangement energy 
barrier of the complex. With an emission quantum yield of 44% 
[Cu(MpPh2)(dppbz)] shows appreciable luminescence indicating that 
[CuI(MpPh2)(P2)] complexes may offer a valuable new avenue towards neutral 
luminescent compounds. 
2.4. Experimental 
2.4.1. General considerations 
All manipulations of air-sensitive compounds were performed in an 
atmosphere of purified argon gas using standard Schlenk techniques. All 
solvents were purchased from commercial sources and reagent grade. Solvents 
used for air-sensitive manipulations were dried and deaerated using a PureSolv 
MD 5 Solvent Purification System and stored on 3 Å molecular sieves under 
argon. When appropriate, glassware was flame dried in vacuo immediately 
prior to use. 3,5-Diphenyl-1H-pyrazole was synthesized using a literature 
procedure.[31] 1H, 11B, 13C and 31P NMR spectra were recorded on a Bruker 
DPX300 spectrometer (300 MHz for 1H, 96.25 MHz for 11B, 75.44 MHz for 13C 
and 121.4 MHz for 31P) or Bruker DMX400 spectrometer (400 MHz for 1H, 128.3 
MHz for 11B, 100.6 MHz for 13C and 161.9 MHz for 31P). Chemical shifts are given 
in ppm and referenced using the deuterated solvents as internal references for 
1H and 13C;[32] H3BO3 in D2O for 11B and H3PO4 85% for 31P. 13C spectra were 
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recorded using 1H-decoupling. Elemental analyses were performed using a 
Perkin Elmer 2400 series II CHNS/O analyzer or by the Microanalytical 
laboratory Kolbe in Germany. IR spectra were recorded on a Perkin Elmer 
UATR Two FT-IR spectrometer set to a resolution of 2 cm–1. ESI-MS spectra 
were recorded on a Thermal Finnigan AQA ESI-MS system in MeCN. Relevant 
crystallographic information is given in Appendix II. Photoluminescence 
quantum yields were determined using the absolute method and an integrating 
sphere, following a modification of the procedure reported by de Mello et al.[33]. 
The integrating sphere (custom-made, based on the AvaSphere 30REFL) was 
connected to an irradiance calibrated CCD spectrometer (Avantes AvaSpec-
2048UA). A 1000 Watt Xe-discharge lamp and a Spex monochromator were 
used as the excitation source. A Shimadzu RF-5301PC spectrofluoriphotometer 
was used to record excitation and emission spectra which were recorded in 
vacuo to avoid condensation during experiments at cryogenic temperatures. 
Luminescence lifetimes were determined using the TCSPC method on an 
Edinburgh Instruments FLS920 spectrophotometer, equipped with a 
Edinburgh Instruments 375nm diode laser as excitation source and, a 
Hamamatsu R928 PMT as detector. Calculations were performed with the 
Amsterdam Density Functional (ADF) software at the B3LYP/ATZP level of 
theory using the crystal structure of [Cu(MpPh2)(dppbz)] as the initial 
structure.[34, 35] 
2.4.2. Ligand synthesis 
KMpPh2.  
3,5-Diphenylpyrazole (16.79 g, 76.21 mmol) and potassium borohydride 
(1.869 g, 36.64 mmol) were dissolved in dry, degassed DMF (150 mL). The 
mixture was then heated stepwise to 80 °C for three hours, 100 °C for two hours, 
120 °C for 75 minutes and 130 °C for 30 minutes. Heating was then switched off 
and the reaction was allowed to cool to room temperature. The DMF was 
removed in vacuo and 75 mL DCM was added. The DCM solution was heated to 
reflux for 1 minute and then allowed to cool to room temperature, the resulting 
suspension was filtered. The residue was washed with boiling DCM (3 × 30 mL) 
and diethyl ether (6 × 50 mL). The product remained as a fine white powder in 
a yield of 43% based on KBH4. M.p. 248 °C. 1H NMR (300 MHz, DMSO-d6): δ = 
7.78 (t, J = 7 Hz, 8H, m-CH Ph), 7.33 (m, 8H, o-CH Ph), 7.23-7.12 (m, 4H, p-CH 
Ph), 6.57 (s, 1H, CH pyrazole), 3.37 (bd, 3H, BH3). 13C{1H} NMR (75 MHz, DMSO-
d6): δ = 147.3 (Cq pyrazole), 146.9 (Cq pyrazole), 136.0 (Cq Ph), 134.8 (Cq Ph), 
128.4 (o-CH Ph), 128.2 (o-CH Ph), 127.2 (m-CH Ph), 125.7 (p-CH Ph), 125.4 (p-
 
43 
CH Ph), 124.4 (m-CH Ph), 100.9 (CH pyrazole). IR ν = 2373, 2336, 2303, 2273 
cm–1. ESI-MS (negative mode) calc. (found) for [MpPh2]– m/z 233.1 (233.2), 
[Na(MpPh2)2]– m/z 489.2 (489.2), [K(MpPh2)2]– m/z 505.2 (505.2). 
2.4.3. General procedure for the synthesis of the copper complexes.  
The phosphane ligand (2.00 mmol of PPh3, 1.00 mmol of the bidentate ligands) 
was dissolved in 10 mL dry DCM and stirred until a clear solution was obtained. 
To the clear solution CuI (152 mg, 0.80 mmol) was added and the resulting 
suspension was stirred for 30 minutes resulting in a clear solution in the case 
of PPh3 or dppbz and a white suspension for dppe. KMpPh2 (217 mg, 0.80 mmol) 
was then added and the mixtures were stirred for 60 minutes after which the 
solution was filtered using a syringe filter (25 mm diameter PTFE, 0.45 µm pore 
size) to remove the formed KI. The resulting clear solution was evaporated in 
vacuo to yield the crude product which was recrystallized from THF/hexane 1:4 
(PPh3) or THF/Et2O/hexane 1:2:2 (dppbz and dppe) to yield the products as 
colorless crystalline solids. 
[Cu(MpPh2)(PPh3)2].  
Yield 96%. 1H NMR (400 MHz, C6D6): δ = 8.31 (d, 3J (H,H) = 8 Hz, 2H, o-CH Ph 
MpPh2), 7.71 (d, 3J (H,H) = 7 Hz, 2H, o-CH Ph MpPh2), 7.31 (t, 3J (H,H) = 8 Hz, 2H, 
m-CH Ph MpPh2), 7.14-7.09 (m, 2H, both p-CH Ph MpPh2), 7.01 (t, 3J (H,H) = 7 Hz, 
2H, m-CH Ph MpPh2), 6.95-6.89 (m, 30H, PPh3), 6.77 (s, 1H, Pz MpPh2), 3.99 (bs, 
3H, BH3 MpPh2). 13C{1H} NMR (100 MHz, C6D6): δ = 148.7, 134.5, 133.9, 133.3, 
129.4, 128.8, 128.6, 127.2, 126.5. 31P{1H} NMR (162 MHz, C6D6, 298 K, H3PO4): 
δ = –2.08. IR ν = 2328, 2283 (BH3) cm–1. Elemental analysis calc. (%) for 
C51H44BCuN2P2: C 74.59, H 5.40, N 3.41. Found: C 74.72, H 5.67, N 3.37. 
[Cu2(MpPh2)2(µ-dppe)2].  
Yield 83%. 1H NMR (400 MHz, CD2Cl2): δ = 7.96 (d, 3J (H,H) = 7 Hz, 2H, o-CH Ph 
MpPh2), 7.58-7.51 (m, 9H, o-CH Ph dppe and m-CH Ph MpPh2), 7.45 (t, 3J (H,H) = 
8 Hz, 4H, p-CH Ph dppe), 7.30 (t, 3J (H,H) = 7 Hz, 8H, m-CH Ph dppe), 7.09 (t, 3J 
(H,H) = 7 Hz, 4H, o- and m-CH Ph MpPh2), 6.97-6.92 (m, 2H, p-CH Ph MpPh2). 6.72 
(s, 1H, pyrazole CH), 3.13 (bs, B-H3), 2.43 (t, 3J (H,H) = 6 Hz, 4H, CH2 dppe). 
13C{1H} NMR (100 MHz, CD2Cl2, 298 K, TMS): δ = 148.5 (t, 1J (C,P) = 6 Hz), 147.5, 
133.5, 132.8 (t, 2J (C,P) = 8 Hz, o-CH Ph dppe), 132.6, 132.4, 130.1, 128.8 (t, 3J 
(C,P) = 5 Hz, m-CH Ph dppe), 128.5, 128.3, 128.2, 128.2, 126.9, 126.1, 102.7, 25.6 
(t, 1J (C,P) = 18 Hz, CH2 dppe). 31P{1H} NMR (162 MHz, CD2Cl2, 298 K, H3PO4): δ 
= –8.77 (s). MS m/z (calc): 859.3 (859.3 [Cu(dppe)2]+). IR ν = 2353, 2332, 2280 
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(B-H3) cm–1. Elemental analysis calc (%) for C41H38BCuN2P2: C 70.85, H 5.51, N 
4.03. Found: C 70.46, H 5.71, N 3.89. 
[Cu(MpPh2)(dppbz)].  
Used THF instead of DCM. Yield 81%. 1H NMR (400 Hz, CDCl3): δ = 7.96 (d, 3J 
(H,H) = 7 Hz, 2H, o-CH Ph MpPh2), 7.66 (d, 3J (H,H) = 7 Hz, 2H, o-CH Ph MpPh2), 
7.45-7.39 (m, 6H, m-CH Ph MpPh2 and p-CH Ph dppbz), 7.31 (t, 3J (H,H) = 7 Hz, 
10H, m-CH Ph dppbz and p-CH Ph borate), 7.25 (d, 3J (H,H) = 7 Hz, 4H, o- and m-
CH dppbz), 7.16 (t, 3J (H,H) = 7 Hz, 8H, o-CH Ph dppbz), 7.04 (t, 3J (H,H) = 7 Hz, 
1H, p-CH Ph MpPh2), 6.82 (t, 3J (H,H) = 8 Hz, 2H, m-CH borate), 6.71 (s, 1H, CH 
pyrazole), 3.18 (bs, 3H, BH3). 13C{1H} NMR (100 MHz, C6D6, 298 K, TMS): δ = 
148.8, 148.3, 142.6, 142.3, 134.7 (t, 2J (C,P) = 4 Hz, o-CH dppbz), 134.4, 133.9 (t, 
2J (C,P) = 8 Hz, o-CH Ph dppbz), 133.1 (t, 1J (C,P) = 17 Hz, Cq dppbz), 130.4, 129.8, 
129.1, 128.9 (t, 3J (C,P) = 5 Hz, m-CH Ph dppbz), 128.5, 127.4, 126.7, 126.6, 
126.3, 103.3. 31P{1H} NMR (162 MHz, C6D6, 298 K, TMS): δ = –8.99 (s). IR ν = 
2389, 2303 (B-H3) cm–1. Elemental analysis calc (%) for C45H38BCuN2P2·0.85 
H2O·0.15 THF: C 71.20, H 5.36, N 3.64. Found: C 71.33, H 5.62, N 3.50.  
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3. Copper(I) complexes of naphthyl-substituted 
fluorinated trispyrazolylborate ligands with ethene and 
carbon monoxide. 
Four CuI complexes of the two new hydridotrispyrazolylborate ligands 
hydridotris(3-trifluoromethyl-5-{1-naphthyl}pyrazol-1-yl)borate (= [TpCF3,1Nt]–) 
and hydridotris(3-trifluoromethyl-5-{2-naphthyl}pyrazol-1-yl)borate (= 
[TpCF3,2Nt]–) have been synthesized by reaction of the sodium salts of the ligands 
with CuI under either ethene or carbon monoxide atmosphere. Single crystal X-
ray diffraction analyses yielded the molecular structures of the three compounds 
[Na2(TpCF3,1Nt)2(µ-acetone)2], [Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)]. The 
CuI ions are in approximate tetrahedral geometries comprising the three nitrogen 
donors of the tridentate ligand and the η2-coordinated ethene ligands. The sodium 
ion in [Na2(TpCF3,1Nt)2(µ-acetone)2] is found in a distorted octahedral coordination 
geometry formed by three N-donors of the facially coordinating tridentate ligand, 
two O-donors of bridging acetone ligands and a fluoride of a bridging –CF3 group 
with a particularly short Na···F distance. The chemical shifts of the ethene ligands 
in [Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] are 5.00 ppm and 4.96 ppm 
respectively on 1H-NMR and 85.9 ppm and 85.8 ppm on 13C-NMR. The CO 
stretching frequencies in the IR spectra of [Cu(TpCF3,1Nt)(CO)] and 







This Chapter is in press as a full paper: T.F. van Dijkman, M.A. Siegler, E. Bouwman, 




Hydridotrispyrazolylborate ligands (scorpionates) comprise a broad class of 
ligands that consist of monoanionic tripodal ligands incorporating three 
pyrazolyl groups linked together by a borohydride moiety. The electronic and 
steric structure of the scorpionate ligand can be systematically varied by 
placing substituents on the pyrazolyl groups (typically in the 3- and 5-positions 
of the pyrazole ring) or on the central boron atom. A great variety of scorpionate 
ligands has been reported to date, most of which retain the 
hydridotrispyrazolylborate backbone. The “forward” facing substituents on the 
3-position of the pyrazolyl groups are typically altered to modify the chemistry 
in the direct vicinity of the metal center coordinated by the ligand. The 
substituent on the 5-position of the pyrazole ring is not in proximity to the 
metal center but does play an important role in the chemistry of the complex by 
providing steric bulk, thus forcing the substituents on the 3-position inwards 
and decreasing the size of the coordination pocket, or by electronically 
modifying the nitrogen atoms which tunes the Lewis basicity of the ligand. 
Typically the most bulky substituents will assume the 3-positions in the 
scorpionate ligand unless there is a strongly electron-withdrawing substituent 
in the opposite position of the pyrazole ring, in which case the more bulky 
substituent assumes the 5-position. Perfluoroalkyl groups are known to be 
electron-withdrawing enough to force bulky substituents to the 5-position; this 
property allows for the synthesis of complexes having nearly identical 
coordination sites but different electronic properties through careful selection 
of the substituents on the 5-position.[1] The coordination pocket that is formed 
when trifluoromethyl groups are used on the 3-position has been described as 
a “Teflon-coated cavity” and indeed earlier examples of such ligands show that 
the coordination geometries of the metal centers are sterically highly similar 
regardless of the substituents on the 5-position.[2-4] The presence of electron-
withdrawing groups like trifluoromethyl groups results in comparatively 
electron-deficient copper(I) centers that are capable of only limited π-
backbonding interaction with π-acceptor ligands such as ethene and carbon 
electron-withdrawing substituents like trifluoromethyl and nitro groups on the 
pyrazolyl rings of scorpionate ligands oxidatively stabilize the Cu(I) oxidation 
state. This effect is so pronounced that only 3-substitution with trifluoromethyl 
groups is sufficient to render the Cu(I) compounds of such ligands air stable in 
solution as evidenced by complexes such as [Cu(TpCF3)(C2H4)] and 
[Cu(TpCF3,Ph)(C2H4)].[5] An interesting avenue of research is to examine whether 
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a sufficiently bulky substituent, such as a naphthyl group, can force the 
trifluoromethyl group to the 5-position. The carbonyl complexes 
[Cu(TpCF3)(CO)], [Cu(TpCF3,Me)(CO)], [Cu(TpCF3,Ph)(CO)] and [Cu(Tp(CF3)2)(CO)] 
have IR CO stretching frequencies close to that of free carbon monoxide, 
respectively at 2100, 2109, 2103 and 2137 cm–1 vs. 2143 cm–1 for free CO, 
compared to 2066 cm–1 for [Cu(TpMe2)(CO)], and 2080 cm–1 for [Cu(TpPh2)(CO)]. 
[2, 6-10] Trispyrazolylborate ligands incorporating naphthyl groups have been 
reported but never in conjunction with strongly electron-withdrawing 
substituents such as trifluoromethyl groups.[11] 
 
Scheme 3.1. Examples of trispyrazolyl borate ligands with trifluoromethyl and 
naphthyl groups.  
In order to better understand the influence of the substituents in the distal 5-
positions of the pyrazole rings we set out to study the influence of subtle 
modifications to the ligand [TpCF3,Ph]–. By expanding the aromatic substituents 
to naphthyl groups two possible ligands can be formed that are structurally 
different while making only minor modifications to the electronic properties 
and reactivity of the ligands (see Scheme 3.1). The effects of such a seemingly 
minor alteration to the ligands may provide insight into the flexibility of the 
ligands with respect to electronic and steric modifications away from the 
coordination site. The use of copper(I) ions allows for the study of a 
comparatively simple system with a tetrahedral coordination environment 
with a single hydridotrispyrazolylborate ligand and a single ancillary ligand 
such as ethene or carbon monoxide. Such small, ancillary ligands exert little 
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steric pressure on the hydridotrispyrazolylborate ligands and provide useful 
handles to study the subtle variations of π-backbonding interactions through 
infrared and NMR spectroscopy. 
3.2. Results 
3.2.1. Ligand synthesis 
The pyrazoles used in this work were synthesized using a high-yielding Claisen 
condensation between 1-acetonaphthone or 2-acetonaphthone and ethyl 
trifluoroacetate to yield the 4,4,4-trifluoro-1-(naphthyl)butane-1,3-diones 
entirely as their enol tautomer in both cases (see Scheme 3.2).  
 
Scheme 3.2. General synthesis of the ligands. R = 1-naphthyl or 2-naphthyl. a. ethyl 
trifluoroacetate, KOtBu, Et2O. Room temperature, 19 – 48 hrs. Workup using dilute HCl. 
b, step 1: N2H4·H2O, EtOH. Step 2: HCl 37%, reflux, 1 hr. c. NaBH4, 180 °C for R = 1-
naphthyl and reflux in 1,2,4-trichlorobenzene for R = 2-naphthyl. 
Subsequent reaction with hydrazine yields some amount of the desired 
pyrazoles, but mostly the corresponding hydroxypyrazolines and 
dihydroxypyrazolines are formed. These intermediates are readily dehydrated 
to the pyrazoles upon reflux in concentrated hydrochloric acid. NaTpCF3,1Nt was 
synthesized by heating a small excess of 3-trifluoromethyl-5-(1-
naphthyl)pyrazole with sodium borohydride in a solventless reaction. For the 
synthesis of NaTpCF3,2Nt the higher melting point of the 2-naphthyl-substituted 
pyrazole necessitated the use of a solvent to prevent excessive sublimation and 
hot-spotting; for this purpose 1,2,4-trichlorobenzene was selected as a solvent 
as it offers good solubility of the pyrazole and a sufficiently high boiling point 
(214 °C). The reactions were monitored using 11B-NMR; the intermediate 
products and starting materials show distinct signals that can easily be used to 
assess the progress of the reaction. The initial borohydride shows clear splitting 
into a quintet while the peaks of the reaction products gradually lose definition 
and assume broad singlet-like shapes as the degree of substitution increases. 
The progressive exchange of hydrides for pyrazoles also induces a clear 
downfield shift and in early reaction samples all intermediates can easily be 
identified. Typically the reactions quickly progress to complete conversion of 
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the tetrahydridoborate into the corresponding monopyrazolyl and 
bispyrazolylborates and then slowly into the hydridotrispyrazolylborate. After 
recrystallization both ligands were obtained as acetone adducts of their sodium 
salts, the crystal structure of [Na2(TpCF3,1Nt)2(µ-acetone)2] is shown in Figure 
3.1. 
 
Figure 3.1. Molecular structure of [Na2(TpCF3,1Nt)2(µ-acetone)2] with thermal ellipsoids 
plotted at 30% probability level. For clarity parts of the ligand are shown in wireframe 
and hydrogen atoms have been omitted. Symmetry operation ‘ = [1–x, –y, 1–z]. 
3.2.2. Complex synthesis 
The complexes were all synthesized via a simple metathesis reaction of the 
sodium salt of the anionic ligand with copper(I) iodide in dichloromethane in 
an atmosphere of ethene or carbon monoxide. The oxidative stability of the 
resulting complexes in air eliminated the need to work under Schlenk 
conditions after the initial metathesis reactions were complete. All complexes 
were obtained as air-stable white microcrystalline solids that showed little to 
no degradation upon weeks of storage in air and light and the complexes did 
not lose their ethene or carbonyl ligand upon prolonged exposure to vacuum.  
The compounds [Cu(TpCF3,2Nt)(C2H4)] and [Cu(TpCF3,2Nt)(CO)] have considerably 
lower solubility in DCM than the 1-naphthyl substituted analogs. This 
remarkable difference in behavior was observed for all species from the initial 
1-naphthyl-4,4,4-trifluoro-1,3-butanediones to the final ethene and carbonyl 
complexes and served as a first indication that the complexes, however similar 
their structures may at first sight appear, are in fact quite distinct in their 
physical properties. The complexes are not stable in coordinating solvents such 
as acetone, acetonitrile and THF nor in protic solvents like MeOH, EtOH and 
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CHCl3. Toluene or even alkanes do not cause decomposition but are usually less 
effective as solvents. It was found that all complexes are quite soluble and stable 
for at least a day in dichloromethane, from which X-ray quality crystals of the 
ethene complexes could be grown by slow evaporation of the solvent in air. 
3.2.3. Description of the structures  
Relevant bond angles and distances of the complexes are given in Table 3.1. A 
projection of the compound [Na2(TpCF3,1Nt)2(µ-acetone)2] is shown in Figure 3.1. 
This compound crystallizes as a centrosymmetric dimer with bridging acetone 
ligands and particularly short Na–F’ interactions. 
Table 3.1. Selected bond and torsion angles (°) and distances (Å) for [Na2(TpCF3,1Nt)2(µ-acetone)2] 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)]. 
 [Na2(TpCF3,1Nt)2(µ-acetone)2] [Cu(TpCF3,1Nt)(C2H4)] [Cu(TpCF3,2Nt)(C2H4)] 
C1—C2*  1.265(7) 1.286(16) 
Cu1—C1*  2.036(10) 1.952(18) 
Cu1—C2*  2.108(8) 2.036(7) 
Na1—O1 2.3732(10)   
Na1—O1’ 2.3910(10)   
M—N12  
(M = Na1, Cu1) 
2.5220(11) 2.0569(19) 2.042(3) 
M—N22 2.4384(11) 2.078(2) 2.122(3) 
M—N32 2.5140(11) 2.1791(18) 2.150(3) 
B1—N11 1.5526(16) 1.554(3) 1.556(4) 
B1—N21 1.5472(16) 1.551(3) 1.541(4) 
B1—N31 1.5496(16) 1.548(3) 1.554(4) 
Na1—F22’ 2.5160(9)   
M···B (M = Na, Cu) 3.348(2) 3.073(2) 3.067(3) 
B–Cu–C2H4,centroid  168.3 169.7 
N12–M–N22 82.60(4) 92.39(7) 89.74(12) 
N22–M–N32 85.20(4) 88.57(7) 89.99(11) 
N32–M–N12 76.53(3) 88.45(7) 89.62(11) 
N11–B1–N21 110.53(10) 109.12(17) 111.0(3) 
N21–B1–N31 111.35(10) 108.90(17) 109.4(3) 
N31–B1–N11 108.02(9) 109.29(17) 108.3(3) 
N11–C15–C151–C152** 112.44(14) 55.7(3) 35.4(5) 
N21–C25–C251–C252 109.44(14) 60.2(3) 47.7(5) 
N31–C35–C351–C352 95.36(15) 52.6(3) 48.2(5) 
* Provided only for the major component of the disordered ethene molecule. 
** For [Cu(TpCF3,2Nt)(C2H4)] C160 was used instead of C152 due to the rotation of the naphthyl group. 
 
The sodium ion is in a distorted octahedral coordination geometry with one 
facially coordinated scorpionate ligand, two bridging acetone ligands and one 
fluorine atom from the CF3 group of the symmetry-related molecule in the 
dimer. The scorpionate ligand is twisted along the B1–Na1 axis to accommodate 
the relatively large sodium ion. The twisted conformation forces the naphthyl 
groups together requiring them to rotate, which explains the larger torsion 
angles between the least-square planes of the pyrazolyl groups and their 
attached naphthyl groups compared to those found in the copper complexes. 
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The structure contains an unusually short interaction between the sodium ion 
and a fluorine atom with a distance of 2.5160(9) Å. This distance is considerably 
shorter than the Na–F’ distances reported for similar compounds like 
[Na(TpCF3,Ph)(H2O)]n, which has one intermolecular Na–F bond of 2.848 Å and 
one intramolecular Na–F bond of 3.006 Å, and [Na2(TpCF3,Me)2(µ-H2O)2] which 
forms a similar dimeric structure bridged by water molecules with Na···F 
distances of 2.934 Å.[2] We ascribe this unusually short-range interaction to the 
steric hindrance between the naphthyl groups forcing the trifluoromethyl 
groups forward and inward. It is interesting to note that while [Na2(TpCF3,Me)2(µ-
H2O)2] assumes a dimeric structure very similar to [Na2(TpCF3,1Nt)2(µ-acetone)2] 
in the solid state, the compound NaTpCF3,Ph with a structurally more similar 
ligand has been reported to form exclusively monomeric structures when 
crystallized in the presence of THF, Et2O or H2O.[2] 
Projections of the X-ray crystal structures of [Cu(TpCF3,1Nt)(C2H4)] and 
[Cu(TpCF3,2Nt)(C2H4)] are shown in Figure 3.2. Both structures have similar 
conformations with pseudo-tetrahedral coordination geometries around the 
CuI center incorporating three nitrogen atoms from the ligand and one molecule 
of ethene in the expected η2-coordination mode. The naphthyl groups in 
[Cu(TpCF3,1Nt)(C2H4)] assume a paddlewheel orientation with approximate 
threefold rotational symmetry. The ethene molecules are disordered over three 
orientations in the structure of [Cu(TpCF3,1Nt)(C2H4)] (occupancy factors = 
0.522(3), 0.227(3) and 0.251(3)) or two orientations in the structure of 
[Cu(TpCF3,2Nt)(C2H4)] (occupancy factor of the major component = 0.558(15)). 
Disorder can occur because the different orientations of the ethene molecule 
have nearly the same space-filling requirements. The torsion angles between 
the pyrazole rings and their naphthyl groups are significantly larger in 
[Cu(TpCF3,1Nt)(C2H4)] (52-60°) than in [Cu(TpCF3,2Nt)(C2H4)] (35-48°). The 
observed C=C bond distances of 1.258(29) and 1.285(29) Å in the coordinated 
ethene ligands are significantly shorter than in free ethene (1.3384(10) Å) and 
quite short compared to those in [Cu(TpCF3,CF3)(C2H4)] (1.325(9) Å) and 
[Cu(TpCF3)(C2H4)] (1.34(1) Å) (see Table 3.2).[5, 12] However, likely the observed 
distances are not realistic as a result of the disorder in the ethene ligands. The 
C=C bond distances of 1.258(29) and 1.285(29) Å in the coordinated ethene 
ligands are significantly shorter than in free ethene (1.3384(10) Å).[12] These 
distances are similar to the distance reported for [Cu(TpCF3,Ph)(C2H4)], but quite 
short compared to those in [Cu(Tp(CF3)2)(C2H4)] (1.325(9) Å) and 
[Cu(TpCF3)(C2H4)] (1.34(1) Å) (see Table 3.2).[5] The cavity surrounding the 
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copper(I) centers in the structures of [Cu(TpCF3,1Nt)(C2H4)] and 
[Cu(TpCF3,2Nt)(C2H4)] are approximately of threefold rotational symmetry and 
can be characterized by the average distance between the carbon atoms of the 
trifluoromethyl groups. The average distances observed in the structures of 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] are respectively 6.43(7) Å and 
6.40(9) Å and are highly similar to those encountered in other complexes.  
 
Figure 3.2. Molecular structures of [Cu(TpCF3,1Nt)(C2H4)] (a) and [Cu(TpCF3,2Nt)(C2H4)] 
(b). Thermal ellipsoids shown at 30% probability. Hydrogen atoms and the minor 
components of the disordered ethene molecules have been omitted for the sake of 
clarity. 
In general it appears to be the case that any substituent on the 5-positions is 
enough to force the trifluoromethyl groups in the 3-positions towards each 
other which results in essentially the same coordination cavity as there is no 
significant difference between the distances observed in [Cu(Tp(CF3)2)(C2H4)] 
(6.41(4) Å), [Cu(TpCF3,Ph)(C2H4)] (6.40(15) Å), [Cu(TpCF3,4-OMePh)(C2H4)] 
(6.43(12) Å) and [Cu(TpCF3,4-CF3Ph)(C2H4)] (6.38(13) Å).[1, 5] The only complex 
with a slightly more open ancillary coordination site is [Cu(TpCF3)(C2H4)] 
(6.54(7) Å) in which the pyrazole rings can twist more freely due to the absence 
of steric pressure from the 5-positions of the pyrazole rings. 
3.2.4. NMR 
1H and 13C{1H} NMR spectra of [Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] 
were recorded in CD2Cl2 and CDCl3 (see Table 3.2). Deuterated chloroform was 
used for the 13C{1H} NMR of [Cu(TpCF3,2Nt)(C2H4)] as its solubility in CD2Cl2 is too 
limited; the use of chloroform did not lead to noticeable degradation of the 
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sample. The chemical shifts of the ethene protons of the compounds 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] are 5.01 (CD2Cl2) and 4.95 ppm 
(CDCl3) respectively; the 13C chemical shifts of the ethene ligands were 
observed at 85.9 and 85.8 ppm. The 1H NMR spectra of the ethene complexes 
were also recorded in C6D6 in which the resonances of the ethene protons were 
found to be located at 5.32 and 5.28 ppm respectively. 
Table 3.2. Selected 1H and 13C chemical shifts, CO stretch frequencies and bond lengths. 
 C2H4 (ppm)a C=C (Å) Cu–C (Å)c Ref. 
13C 1H 








1.3384(10)  [12, 13] 
[Cu(TpCF3,1Nt)(C2H4)] 85.9a 5.00a 1.258(29) 2.035(19) This 
work 






1.34(1) 2.009(9) [5] 
[Cu(TpCF3,Ph)(C2H4)] 85.8a 4.91a 
4.91b 
5.20c 






1.325(9) 2.022(6) [5] 
[Ag(Tp(CF3)2)(C2H4)] 104.9b 5.56b 1.298(14) 2.301(7) [14] 
[Cu(Tp*)(C2H4)]  4.41a 1.329(9) 2.014(6) [15] 
[Cu(TpMs)(C2H4)] 77.43b 2.72b 
3.03c 
1.376 2.080 [16] 
[Cu2(bpdpyz)(C2H4)2](ClO4)2  4.77d   [17] 
[Cu(N{C[C3f7]N[C6f5]}2)(C2H4)] 86.1b 3.86b 1.364(4) 1.951(2) [18] 
[Cu(C2H4)3](SbF6) 109.6a 5.44a 2.193f 1.359f [19] 
a CD2Cl2 b CDCl3 c C6D6 d (CD3)2cO e C6d12 f average values of seven independent molecules 
 
The chemical shifts of the ethene ligands indicate electron-poor copper(I) 
centers with slightly different electron densities between [Cu(TpCF3,1Nt)(C2H4)] 
and [Cu(TpCF3,2Nt)(C2H4)]. The observed chemical shifts of the ethene ligands are 
comparable to those observed for [Cu(TpCF3)(C2H4)] (4.98 ppm and 85.8 ppm) 
and [Cu(TpCF3,Ph)(C2H4)] (4.91 ppm and 85.8 ppm) and slightly lower than those 
observed for [Cu(Tp(CF3)2)(C2H4)] (4.96 ppm and 89.1 ppm). The 1H-NMR 
spectra of [Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] in the presence of 
excess ethene gas show sharp signals for coordinated and uncoordinated 
ethene indicating the absence of significant exchange of the ethene ligands on 
the NMR time scale. The 19F NMR signals observed for the trifluoromethyl 
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groups were all found around -60 ppm and showed no clear shifts upon 
coordination of the ligands to copper. 
3.2.5. IR 
The complexes [Cu(TpCF3,1Nt)(CO)] and [Cu(TpCF3,2Nt)(CO)] were analyzed using 
infrared spectroscopy, their CO stretch frequencies were found to be located at 
2109 and 2103 cm–1 respectively. In Table 3.3 the νCO values of these and related 
complexes are collected. The νCO values of [Cu(TpCF3,1Nt)(CO)] and 
[Cu(TpCF3,2Nt)(CO)] are close to that of the structurally similar compound 
[Cu(TpCF3,Ph)(CO)] (2101 cm–1). The B–H stretch vibrations in the sodium 
compounds of the ligands were assigned to absorptions at 2521 cm–1 for 
NaTpCF3,1Nt and 2614 cm–1 for NaTpCF3,2Nt. Upon coordination to a CuI ion the B–
H stretch vibrations shift to higher wavenumbers, 2599 cm–1 in 
[Cu(TpCF3,1Nt))(CO)] and 2644 cm–1 in [Cu(TpCF3,2Nt)(CO)].  
Table 3.3. CO stretch frequencies for selected [Cu(TpR,R)(CO)] complexes 
 νCO (cm–1) ref. 
free CO 2143 [20] 
[Cu(Ttz(CF3)2)(CO)] 2138 [4] 
[Cu(Tp(CF3)2)(CO)] 2137 [8] 
[Cu(TpCF3,1Nt)(CO)] 2109 this work 
[Cu(TpCF3,Me)(CO)] 2109 [21] 
[Cu(TpCF3,2Nt)(CO)] 2103 this work 
[Cu(TpCF3,Ph)(CO)] 2102 [2] 
[Cu(TpCF3)(CO)] 2100 [6] 
[Cu(Tp)(CO)] 2083 [10] 
[Cu(TpPh2)(CO)] 2080 [22] 
[Cu(TpMs)(CO)] 2079 [21] 
[Cu(TptBu)(CO)] 2069 [23] 
[Cu(TpMe2)(CO)] 2066 [10] 
[Cu(TpiPr2)(CO)] 2056 [24] 
3.3. Discussion 
The Lewis basicity and the physical properties of the ligands [TpCF3,1Nt]– and 
[TpCF3,2Nt]– are surprisingly different for such seemingly very similar ligands. 
Based on the chemical shifts of the ethene ligands and the CO stretching 
frequencies of the carbonyl ligands the 1-naphthyl substituted ligand appears 
to be slightly more electron-withdrawing, resulting in the formation of 
copper(I) complexes that are slightly less electron rich than the copper(I) 
complexes of the 2-naphthyl substituted ligand. This was also observed by 
Rheingold et. al. for the ligands [Tp1Nt]– and [Tp2Nt]– as evident from the CO 
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stretching frequencies reported for [Mo(Tp1Nt)(CO)2(allyl)] and 
[Mo(Tp2Nt)(CO)2(allyl)] (1942 and 1934 cm–1, respectively).[11] Both ligands are 
more electron-withdrawing than [TpCF3,Ph]– which is apparent from the NMR 
and infrared characteristics of the complexes. The chemical shifts of the carbon 
and hydrogen nuclei of the ethene ligands in complexes such as 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] vary relative to each other and 
free ethene as a consequence of the σ-accepting and π-backdonating abilities of 
their respective CuI centers, which are influenced by the substituents on the 
pyrazolyl groups of the ligands. Based on the highly similar structure of the 1-
naphthyl and 2-naphthyl substituents differences in their electronic effects 
must be attributed mostly to differences in conformation such as the torsion 
angles between the pyrazole rings and the naphthyl groups. Compared to the 2-
naphthyl group the 1-naphthyl group has less rotational freedom because upon 
rotation it clashes with the other naphthyl groups and the 4-proton of the 
pyrazole whereas the 2-naphthyl group can rotate essentially freely. The steric 
hindrance of the 1-naphthyl groups results in considerably greater torsion 
angles between the naphthyl groups and the pyrazole rings in 
[Cu(TpCF3,1Nt)(C2H4)] than in [Cu(TpCF3,2Nt)(C2H4)].  
Trofimenko et al. reported that complexes bearing the [Tp1Nt]– ligand in 
particular resulted in “baffling” NMR spectra as a result of the existence of 
multiple stable conformational isomers caused by the limited rotational 
freedom of the 1-naphthyl substituents.[11] The presence of multiple 
conformational isomers was not observed in the NMR spectra of the copper 
complexes of [TpCF3,1Nt]–. A reasonable explanation might be that the naphthyl 
groups in the fluorinated ligands are closely packed in the distal 5-positions 
rather than the less sterically congested 3-positions which restricts their 
conformational freedom and forces the formation of only a single conformation 
in the ligand. Another indication that the naphthyl groups in the fluorinated 
ligands are less rotationally free than those in the unfluorinated ligands is the 
absence of peak broadening in the NMR spectra. Finally, π-stacking interactions 
between the closely packed naphthyl groups might add stabilization and 
further reduce peak broadening on NMR. 
An interesting result of the difference in rotational freedom between the 1-
naphthyl and 2-naphthyl substituted compounds is the pronounced difference 
in the tendency of the molecules to crystallize, a trend that extends from the 
enol compounds through to the copper complexes. While the 1-naphthyl 
substituted molecules tended to form oils and foams that only crystallized upon 
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standing (if at all) the 2-naphthyl substituted molecules tended to crystallize 
readily. Apparently the inability of the 1-naphthyl substituted molecules to 
assume a single conformation disturbs the ability of the molecules to stack and 
form crystalline structures. As this inability (or at least reduced ability) to 
conform to nearby molecules is not present in the rotationally unrestricted 2-
naphthyl substituted molecules they clearly pack much more readily resulting 
in crystalline compounds.  
The different abilities to form crystalline structures is manifested prominently 
as a distinctly different solubility of the compounds. While the 2-naphthyl 
substituted ligand, both as the sodium salt and as the copper complexes, is 
poorly soluble is organic solvents, the 1-naphthyl substituted ligand and its 
compounds are readily soluble in most organic solvents. The difference in 
solubility between the 1-naphthyl and 2-naphthyl substituted compounds can 
be of importance in applications such as catalysis where the solubility of the 
complexes influences synthetic choices such as catalyst loadings and selective 
removal of the catalyst.  
The crystal structures show essentially equal binding pockets in both ethene 
complexes, it therefore appears reasonable to suggest that the more Electron-
poor copper(I) ion observed in the complexes with the [TpCF3,1Nt]– ligand 
compared to those with the [TpCF3,2Nt]– ligand are caused by electronic 
differences resulting from the different conformations of the 1-naphthyl and 2-
naphthyl groups. That the ligands are particularly electron-withdrawing might 
also be concluded from the relatively short C=C distances in the ethene 
complexes but in fact this might be misleading. Shortening or elongation of 
unsaturated bonds upon coordination to a metal center is usually regarded as 
an effect of π-backbonding interactions but as crystal packing might affect bond 
distances and angles it is prudent to avoid over interpretation of the small 
differences in Cu–C and C1–C2 distances observed for the various 
[Cu(TpCF3,R)(C2H4)] complexes based on the single crystal X-ray structure alone, 
especially when disorder makes the C=C bond distances less reliable as was the 
case in the ethene complexes in this work. 
3.4. Conclusions 
In summary, the copper(I) ethene and carbonyl complexes incorporating the 
two new ligands [TpCF3,1Nt]– and [TpCF3,2Nt]– have been synthesized and 
characterized using NMR and infrared spectroscopy. The complexes were 
found to be stable in the solid state at room temperature and in air. The 
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carbonyl complexes exhibit slightly higher CO stretching frequencies than the 
structurally similar complex [Cu(TpCF3,Ph)(CO)]. Likewise the ethene protons in 
the ethene complexes display 1H NMR chemical shifts upfield of the signal 
observed in [Cu(TpCF3,Ph)(C2H4)]. The combined evidence from the CO and C2H4 
complexes suggests the formation of relatively electron poor copper(I) centers. 
The crystal structures of [Na2(TpCF3,1Nt)2(acetone)2], [Cu(TpCF3,1Nt)(C2H4)] and 
[Cu(TpCF3,2Nt)(C2H4)] revealed interesting structural features such as unusually 
short bridging Na···F’ interactions in the sodium compound. In 
[Cu(TpCF3,1Nt)(C2H4)] the dihedral angles between the pyrazolyl groups and the 
naphthyl groups in are considerably larger than in [Cu(TpCF3,2Nt)(C2H4)]. The 
seemingly minor modifications to the ligand [TpCF3,Ph]– of including benzo-rings 
appears to cause significant changes to the electron density on the coordinated 
metal while the coordination pocket formed by the copper(I) ion and the 
surrounding trifluoromethyl groups is essentially unaffected. This implies that 
ligands of the type [TpCF3,Ph]– can be subtly modified electronically without 
significantly affecting the steric properties of the binding pocket surrounding 
the metal center which opens the path towards further functionalization of this 
versatile class of ligands. 
3.5. Experimental 
3.5.1. General information 
Manipulations of air-sensitive compounds were performed in an atmosphere of 
purified argon gas using standard Schlenk techniques. All solvents were 
purchased from commercial sources and reagent grade. Solvents used for air-
sensitive manipulations were dried and deaerated using a PureSolv MD 5 
Solvent Purification System and stored on 3 Å molecular sieves under argon. 
When appropriate, glassware was flame dried in vacuo immediately prior to 
use 1H, 11B, 13C and 19F NMR spectra were recorded on a Bruker DPX300 
spectrometer (300 MHz for 1H and 75.4 MHz for 13C); Bruker DMX400 
spectrometer (400 MHz for 1H and 101 MHz for 13C) or Bruker Avance AV500 
spectrometer (500 MHz for 1H, 126 MHz for 13C and 471 MHz for 19F). Chemical 
shifts are given in ppm and referenced using the deuterated solvents as internal 
references for 1H and 13C.[13] Elemental analyses were performed by the 
Mircoanalytical laboratory Kolbe in Germany. IR spectra were recorded on a 
Perkin Elmer UATR Two FT-IR spectrometer set to a resolution of 2 cm–1. ESI-
MS spectra were recorded on a Thermal Finnigan AQA ESI-MS system in MeCN. 
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3.5.2. X-ray crystallographic structure determinations 
Crystallographic and structure refinement data for the complexes 
[Na2(TpCF3,1Nt)2(µ-acetone)2], [Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)] are 
provided in the appendix. Reflection intensities were measured at 110(2) K 
using a SuperNova diffractometer (equipped with Atlas detector) with Cu Kα 
radiation (λ = 1.54178 Å) under the program CrysAlisPro (Version 1.171.36.32 
Agilent Technologies, 2013). The same program was used to refine the cell 
dimensions and for data reduction. The structure was solved with the program 
SHELXS-2013 (Sheldrick, 2013) and was refined on F2 with SHELXL-2013. 
Analytical numeric absorption corrections based on a multifaceted crystal 
model were applied using CrysAlisPro. The temperature of the data collection 
was controlled using the system Cryojet (manufactured by Oxford 
Instruments). The H atoms were placed at calculated positions (unless 
otherwise specified) using the instructions AFIX 23, AFIX 43 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the 
attached C atoms. In all structures, the H atom attached to B1 was found from 
difference Fourier map, and its atomic coordinates were refined freely. In the 
structure of [Cu(TpCF3,1Nt)(C2H4)] and Cu(TpCF3,2Nt)(C2H4)], the H atoms attached 
to the ethylene molecule (the H atoms could only be retrieved for the major 
component of the disorder in [Cu(TpCF3,1Nt)(C2H4)]) were found from difference 
Fourier maps. For the ethylene molecule, the DFIX instructions were used so 
that the C−H and H…H distances are found within acceptable ranges. 
[Na2(TpCF3,1Nt)2(µ-acetone)2] 
The asymmetric unit contains ½ crystallographically independent Na complex 
(i.e., the dimeric complex is found at sites of inversion symmetry) and ½ DCM 
lattice solvent molecule (i.e., the solvent molecule is found at sites of inversion 
symmetry, and thus is constrained to have an occupancy of 0.5). The structure 
is mostly ordered except for the DCM lattice solvent molecule, which is 
constrained to be disordered as the molecule does not have the inversion 
symmetry. 
[Cu(TpCF3,1Nt)(C2H4)] 
The structure is mostly ordered. The ethylene molecule is found to be 
disordered over three orientations, and the occupancy factors of the three 
components of the disorder refine to 0.522(3), 0.227(3), 0.251(3). The sum of 




The structure is mostly ordered. The ethylene molecule is found to be 
disordered over two orientations, and the occupancy factor of the major 
component of the disorder refines to 0.558(15).  The absolute configuration 
was established by anomalous-dispersion effects in diffraction measurements 




A flame-dried 500 mL round-bottom flask fitted with an oven-dried condenser 
was charged with 250 mL Et2O and KOtBu (13.5 g, 120 mmol) and cooled to 0 
°C with an ice bath. Ethyl trifluoroacetate (14.0 mL, 118 mmol) was then slowly 
added by syringe. When the addition was complete the mixture was stirred for 
5 minutes to cool back down to 0 °C. 1-Acetonaphthone (15 mL, 98.7 mmol) was 
then added slowly and the resulting mixture was stirred for 2 days at room 
temperature during which a white precipitate formed. The reaction was 
worked up by adding 200 mL demineralized water and 10 mL HCl 37% 
followed by separation of the organic layer. The aqueous layer was extracted 
twice more using 100 mL Et2O and 50 mL Et2O. The combined organic fraction 
was washed twice with 100 mL water and once with 100 mL brine, dried over 
Na2SO4 and the solvent was removed in vacuo to yield the product as a yellow 
oil. Yield 25.0 g (95%). 1H NMR (400 MHz, CDCl3) δ 10.07 (d, J = 1.8 Hz, 1H), 8.06 
(d, J = 1.3 Hz, 1H), 7.93 (d, J = 8.6 Hz, 1H), 7.90 – 7.80 (m, 2H), 7.66 (dd, J = 8.5, 
1.8 Hz, 1H), 7.55 (dt, J = 6.2, 3.4 Hz, 2H), 6.89 (s, 1H). 13C NMR (101 MHz, 
acetone-d6) δ 191.43, 174.95 (q, J = 36.7 Hz), 134.02, 133.85, 132.19, 130.10, 
128.96, 128.71, 128.25, 126.96, 125.28, 124.80, 117.49 (q, J = 282.2 Hz), 97.58. 
4,4,4-trifluoro-3-hydroxy-1-(2-naphthyl)but-2-en-1-one 
A flame-dried 500 mL round-bottom flask fitted with an oven dried condenser 
was charged with 250 mL Et2O and KOtBu (16.8 g, 149.7 mmol) and cooled to 0 
°C with an ice bath and 2-acetonaphthone (17.0 g, 100 mmol) was added. Ethyl 
trifluoroacetate (14.0 mL, 118 mmol) was then slowly added by syringe. The 
resulting mixture was stirred overnight at room temperature. The reaction was 
worked up by adding 200 mL demineralized water and 10 mL HCl 37% 
followed by separation of the organic layer. The aqueous layer was extracted 
twice more using 100 mL Et2O and 50 mL Et2O. The combined organic fraction 
was washed twice with 100 mL water and once with 100 mL brine, dried over 
Na2SO4 and the solvent was removed in vacuo to yield the crude product which 
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was purified by recrystallization from hot MeOH. Yield 13.24 g (50%). 1H NMR 
(400 MHz, CDCl3) δ 12.09 (s, 1H), 8.48 (s, 1H), 8.04 – 7.83 (m, 4H), 7.61 (dd, J = 
14.5, 7.4 Hz, 2H), 6.70 (s, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 186.14, 177.24 
(q, J = 36.1 Hz), 136.07, 132.61, 130.11, 129.73, 129.26, 129.04, 127.98, 127.36, 
122.88, 117.36 (q, J = 283.4 Hz), 92.66 (q, J = 1.9 Hz). 
3(5)-trifluoromethyl-5(3)-(1-naphthyl)-1H-pyrazole  
In a 250 mL round bottom flask fitted with a reflux condenser 1-(1-naphthyl)-
4,4,4-trifluorobutane-1,3-dione (25.0 g, 93.9 mmol) was dissolved in 100 mL 
absolute EtOH and cooled to 0 °C using an ice bath. Hydrazine monohydrate (5.4 
mL, 111 mmol) was slowly added by syringe and the mixture was stirred at 0 
°C for 1 hour. The reaction mixture was refluxed overnight. The next day the 
reaction mixture was cooled to room temperature and 37% HCl (10 mL) was 
added. The reaction mixture was then heated to reflux for 1 hour after which 
the reaction mixture was poured onto ice (600 g) and extracted into DCM (3 × 
200 mL). The organic fraction was dried using anhydrous Na2SO4, filtered and 
dried in vacuo to yield the crude product which was purified by vacuum 
deposition at 160 °C to yield the pure product as colorless crystals. Yield 23.45 
g (92%). M.p. 94 °C. 1H NMR (500 MHz, CD2Cl2) δ 11.08 (s, 1H), 8.03 – 7.93 (m, 
3H), 7.60 – 7.53 (m, 4H), 6.86 (s, 1H). 1H NMR (500 MHz, CDCl3) δ 10.07 (s, 1H), 
8.01 – 7.91 (m, 3H), 7.58 – 7.51 (m, 4H), 6.82 (s, 1H). 13C{1H} NMR (126 MHz, 
CD2Cl2) δ 143.66, 134.16, 131.43, 130.49, 129.02, 12794, 127.70, 126.96, 
126.48, 125.65, 124.88, 121.86 (q, J = 268.5 Hz), 105.12 (q, J = 1.9 Hz). 19F NMR 
(471 MHz, CDCl3) δ –62.01. 
3(5)-trifluoromethyl-5(3)-(2-naphthyl)-1H-pyrazole  
Same procedure as for 3(5)-trifluoromethyl-5(3)-(1-naphthyl)-1H-pyrazole 
using 13.24 g (50 mmol) of 1-(2-naphthyl)-4,4,4-trifluorobutane-1,3-dione and 
2.7 mL hydrazine hydrate (56 mmol). Yield 10.5 g (80%). M.p. 176 °C. 1H NMR 
(400 MHz, CD3CN) δ 12.09 (s, 1H), 8.17 (d, J = 2.1 Hz, 1H), 7.96 – 7.84 (m, 3H), 
7.73 (dd, J = 8.3, 2.0 Hz, 1H), 7.59 – 7.47 (m, 2H), 7.03 (s, 1H). 1H NMR (500 MHz, 
CDCl3) δ 8.06 (d, J = 1.8 Hz, 1H), 7.94 (d, J = 8.5 Hz, 1H), 7.88 (dtt, J = 7.8, 4.8, 2.4 
Hz, 2H), 7.67 (dd, J = 8.5, 1.8 Hz, 1H), 7.58 – 7.52 (m, 2H), 6.91 (s, 1H). 1H NMR 
(500 MHz, CD2Cl2) δ 11.60 (s, 1H), 8.09 (d, J = 1.8 Hz, 1H), 7.96 (d, J = 8.5 Hz, 
1H), 7.89 (dt, J = 6.5, 3.9 Hz, 2H), 7.69 (dd, J = 8.5, 1.9 Hz, 1H), 7.59 – 7.53 (m, 
2H), 6.94 (s, 1H). 13C{1H} NMR (75 MHz, CDCl3) δ 145.31, 133.64, 133.38, 
128.40, 128.00, 127.24, 125.29, 124.99, 123.19, 101.72, 101.70, 101.67, 101.64 




A setup consisting of a 50 mL round bottom flask and a 30 cm long glass tube 
fitted with NS29 connectors was connected to a Schlenk line and flame dried. 
The flask was then charged with 3(5)-trifluoromethyl-5(3)-(2-naphthyl)-1H-
pyrazole (10.00 g, 38.13 mmol) and NaBH4 (361 mg, 9.54 mmol) and a small 
stir bar. The setup was placed under argon and heated to 180 °C for 24 hours. 
When the reaction was complete the setup was cooled to 160 °C and placed 
under vacuum which caused the remaining pyrazole to sublimate into the glass 
tube from which it was intermittently removed, the pyrazole thus recovered 
was pure and could be used again. When no more of the pyrazole sublimated 
the product was cooled and dissolved in acetone, filtration over celite removed 
insoluble byproducts; evaporation of the solvent yielded the product as a sticky 
red solid. The red impurity was removed by trituration with Et2O to yield the 
crude product as an off-white solid which was further purified by 
recrystallization from DCM/hexane to yield the ligand as an off-white powder. 
Yield 3.25 g, 39%. M.p. 208 °C. 1H NMR (500 MHz, CD2Cl2) δ 7.83 (d, J = 8.2 Hz, 
3H), 7.50 (d, J = 8.3 Hz, 3H), 7.43 (t, J = 7.5 Hz, 3H), 7.14 (t, J = 7.8 Hz, 3H), 6.98 
(d, J = 8.5 Hz, 3H), 6.34 (s, 3H), 6.18 (t, J = 7.6 Hz, 3H), 5.12 (d, J = 7.0 Hz, 3H), 
3.14 (bs, 1H), 2.31 (s, 4H, coordinated acetone), 2.27 (s, 1H, coordinated water). 
1H NMR (500 MHz, C6D6) δ 7.56 (d, J = 8.2 Hz, 3H), 7.31 (d, J = 8.4 Hz, 6H), 7.18 
(d, J = 7.6 Hz, 2H), 7.04 (t, J = 7.6 Hz, 3H), 6.30 (s, 3H), 6.03 (t, J = 7.6 Hz, 3H), 
5.57 (d, J = 6.9 Hz, 3H), 3.77 (bs, 1H), 1.61 (s, 5H, coordinated acetone), 0.90 (s, 
2H, coordinated water). 13C{1H} NMR (126 MHz, CD2Cl2) δ 212.03, 149.07, 
143.00 (q, J = 36.3 Hz), 133.47, 132.94, 129.15, 128.22, 128.13, 128.02, 126.27, 
125.97, 125.37, 124.37, 122.81 (q, J = 268.2 Hz), 105.15, 31.35. 19F NMR (471 
MHz, C6D6) δ –61.10. MS (ESI neg.) m/z calcd. For [M–] (=C42H25BF9N6–) 795.2 
found 795.6. IR (neat, cm–1): 2521m (BH stretch), 1693s (CO stretch, acetone). 
Na(TpCF3,2Nt)·acetone  
A flame dried 250 mL Schlenk flask fitted with a stirring bar and an oven-dried 
cooler and connected to a Schlenk line was loaded with 3(5)-trifluoromethyl-
5(3)-(1-naphthyl)-1H-pyrazole (7.692 g, 29.33 mmol), NaBH4 (358 mg, 9.46 
mmol) and 10 mL dry, degassed 1,2,4-trichlorobenzene. The resulting 
suspension was degassed by applying vacuum and argon successively until no 
effervescence was observed upon application of vacuum. The suspension was 
then placed under argon and heated to 220 °C for 3 hours. The reaction mixture 
was then allowed to cool to 60 °C and 50 mL petroleum ether was added to 
precipitate the product, the resulting suspension was rigorously stirred with 
ice cooling for 30 minutes and then filtered. The remaining pyrazole was 
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removed by vacuum sublimation at 200 °C. The product was dissolved in 
acetone and filtered over celite to remove an insoluble impurity. The acetone 
was removed in vacuo to afford the crude product as an off-white powder that 
can be further purified by recrystallization from DCM/hexane to yield a white 
microcrystalline powder. Yield 5.0 g (60%). 1H NMR (400MHz, CD2Cl2) δ 7.53 
(s, 3H), 7.49 – 7.39 (m, 6H), 7.25 (ddd, J = 8.1, 6.5, 1.5 Hz, 3H), 7.11 (d, J = 8.2 Hz, 
3H), 6.64 (dd, J = 8.4, 1.7 Hz, 3H), 6.59 (s, 2H), 6.39 (d, J = 8.4 Hz, 3H), 4.78 (bs, 
1H), 2.27 (s, 6H). 1H NMR (500 MHz, C6D6) δ 7.37 (d, J = 8.2 Hz, 3H), 7.29 (d, J = 
1.7 Hz, 3H), 7.26 (ddd, J = 8.1, 6.8, 1.2 Hz, 3H), 7.10 (ddd, J = 8.1, 6.8, 1.2 Hz, 3H), 
6.96 (d, J = 8.1 Hz, 3H), 6.57 (dd, J = 8.3, 1.7 Hz, 3H), 6.35 (s, 3H), 6.30 (d, J = 8.3 
Hz, 3H), 5.13 (bs, 1H). 13C{1H} NMR (101 MHz, CD2Cl2) δ 210.82 (acetone CO), 
151.91, 142.82 (q, J = 36.2 Hz), 133.18, 133.05, 129.41, 128.95, 128.35, 127.81, 
127.68, 127.29, 126.67, 126.42, 122.70 (q, J = 267.9 Hz), 104.37 (q, J = 1.7 Hz), 
31.32 (acetone CH3). 19F NMR (471 MHz, C6D6) δ –61.40. MS (ESI neg.) m/z calcd. 
For [M–] (=C42H25BF9N6–) 795.2 found 795.6. IR (neat, cm–1): 2614m (BH 
stretch), 1718s (CO stretch, acetone). 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)]  
100 mg of the sodium salt of the ligand (114 µmol) was dissolved in 50 mL dry, 
degassed DCM and placed under ethene by gently bubbling ethene through the 
solution for 5 minutes. 23 mg CuI (121 µmol) was then added as a solid and the 
resulting suspension was bubbled with ethene gas for a further 5 minutes. The 
suspension was left to stir under ethene atmosphere overnight. The suspension 
was then filtered using a PTFE syringe filter (0.45 µm pore size) to remove NaI 
and unreacted CuI; because of the low solubility of [Cu(TpCF3,2Nt)(C2H4)] in DCM 
the filter was extracted twice more with DCM (2 × 15 mL). The filtrate was 
evaporated to dryness in vacuo at room temperature to yield the products as 
white microcrystalline precipitates.  
[Cu(TpCF3,1Nt)(C2H4)] 
Yield 85 mg (84%). 1H NMR (500 MHz, CD2Cl2) δ 7.85 (dd, J = 8.3, 5.0 Hz, 6H), 
7.56 (t, J = 7.4 Hz, 3H), 7.50 (t, J = 7.5 Hz, 3H), 7.37 (d, J = 8.3 Hz, 3H), 6.68 (s, 
3H), 5.93 (d, J = 7.1 Hz, 3H), 5.20 (t, J = 7.7 Hz, 3H), 5.01 (s, 4H), 3.97 (bs, 1H). 
13C{1H} NMR (126 MHz, CD2Cl2) δ 148.06, 142.69 (q, J = 38.2 Hz), 133.67, 132.04, 
130.26, 128.74, 127.40, 127.14, 126.38, 125.38, 123.96, 121.77 (q, J = 269.3 Hz), 
107.61 (q, J = 2.1 Hz), 85.87. 19F NMR (471 MHz, C6D6) δ -59.86. IR (neat, cm–1): 
2600s (BH stretch). Elemental Analysis calc. (found) for C44H29BCuF9N6·0.3DCM 




Yield 80 mg (79%). 1H NMR (600 MHz, CDCl3) δ 7.51 (s, 3H), 7.47 (ddd, J = 8.1, 
6.8, 1.1 Hz, 3H), 7.41 (d, J = 8.2 Hz, 3H), 7.19 (ddd, J = 8.1, 6.8, 1.3 Hz, 3H), 6.98 
(d, J = 8.1 Hz, 3H), 6.68 (s, 3H), 6.62 (dd, J = 8.3, 1.8 Hz, 3H), 6.35 (d, J = 8.3 Hz, 
3H), 4.95 (s, 4H), 4.88 (bs, 1H). 1H NMR (300 MHz, CD2Cl2) δ 7.53 (d, J = 1.8 Hz, 
3H), 7.51 – 7.39 (m, 6H), 7.20 (ddd, J = 8.2, 6.5, 1.6 Hz, 3H), 7.04 – 6.98 (m, 3H), 
6.72 (s, 3H), 6.65 (dd, J = 8.4, 1.8 Hz, 3H), 6.41 (d, J = 8.5 Hz, 3H), 4.95 (s, 4H). 1H 
NMR (500 MHz, C6D6) δ 7.34 (d, J = 8.2 Hz, 3H), 7.25 (ddd, J = 8.2, 6.8, 1.2 Hz, 
3H), 7.23 (s, 3H), 7.06 (ddd, J = 8.1, 6.8, 1.3 Hz, 3H), 6.87 (d, J = 8.1 Hz, 3H), 6.49 
(dd, J = 8.3, 1.7 Hz, 3H), 6.32 (d, J = 8.3 Hz, 3H), 6.29 (s, 3H), 5.28 (s, 4H), 5.07 
(bs, 1H). 13C{1H} NMR (151 MHz, CDCl3) δ 150.48, 142.86 (q, J = 37.9 Hz), 133.03, 
132.66, 128.88, 128.08, 127.44, 127.27, 126.70, 126.36, 121.24 (q, J = 269.1 Hz), 
106.04 (q, J = 2.5 Hz), 85.80. 19F NMR (471 MHz, C6D6) δ –59.98. IR (neat, cm–1): 
2640m (BH stretch). Elemental Analysis calc. (found) for C44H29BCuF9N6 (%): C 
59.57 (59.79), H 3.30 (3.78), N 9.47 (9.19). 
[Cu(TpCF3,1Nt)(CO)] and [Cu(TpCF3,2Nt)(CO)]  
50 mg of the sodium salt of the ligand (57 µmol) was dissolved in 10 mL dry, 
degassed DCM in a glass-lined autoclave and placed under argon by gently 
bubbling for 5 minutes. 12 mg CuI (63 µmol) was then added as a solid and the 
resulting suspension was purged with argon for 5 minutes. The autoclave was 
closed and the atmosphere was replaced with CO (at approx. 12.5 atm.) after 
which the reaction mixture was stirred overnight. The resulting white 
suspension was filtered using a 0.45 µm PTFE filter to remove NaI and 
unreacted CuI and the filtrate was evaporated to dryness in vacuo at room 
temperature to yield the products as white microcrystalline precipitates.  
[Cu(TpCF3,1Nt)(CO)] 
Yield 52 mg (93%). 1H NMR (500 MHz, CD2Cl2) δ 7.85 (dd, J = 11.6, 8.3 Hz, 7H), 
7.57 (t, J = 7.4 Hz, 3H), 7.51 (t, J = 7.6 Hz, 3H), 7.40 (d, J = 8.3 Hz, 3H), 6.69 (s, 
3H), 5.93 (d, J = 7.0 Hz, 3H), 5.28 (t, J = 7.7 Hz, 3H), 3.77 (bs, 1H). 1H NMR (500 
MHz, C6D6) δ 7.51 (d, J = 8.3 Hz, 3H), 7.48 (d, J = 8.5 Hz, 3H), 7.23 (t, J = 7.5 Hz, 
3H), 7.18 (d, J = 8.5 Hz, 3H), 7.13 (t, J = 7.7 Hz, 3H), 6.27 (s, 3H), 6.09 (d, J = 7.0 
Hz, 3H), 5.36 (t, J = 7.6 Hz, 3H), 4.04 (bs, 1H). 13C{1H} NMR (126 MHz, CD2Cl2) δ 
148.25, 142.60 (q, J = 37.5 Hz), 133.63, 131.99, 130.28, 128.95, 128.76, 127.22, 
127.05, 126.47, 125.32, 123.97, 121.64 (q, J = 269.3 Hz), 106.89. 19F NMR (471 
MHz, C6D6) δ –60.68. IR (neat, cm–1): 2599m (BH stretch), 2109s (CO stretch). 
Elemental Analysis calc. (found) for C43H25BCuF9N6 (%): C 58.22 (57.68), H 2.84 




Yield 37 mg (66%). 1H NMR (500 MHz, CD2Cl2) δ 7.53 – 7.43 (m, 18H), 7.13 (ddd, 
J = 8.2, 6.6, 1.6 Hz, 6H), 6.79 (d, J = 7.7 Hz, 6H), 6.75 (d, J = 1.8 Hz, 3H), 6.64 (d, J 
= 8.4 Hz, 6H), 4.87 (bs, 3H). 1H NMR (500 MHz, C6D6) δ 7.38 (d, J = 8.2 Hz, 3H), 
7.24 (ddd, J = 8.2, 6.8, 1.2 Hz, 3H), 7.17 (d, J = 1.4 Hz, 3H), 6.99 (ddd, J = 8.1, 6.8, 
1.2 Hz, 3H), 6.68 (d, J = 8.1 Hz, 3H), 6.54 (dd, J = 8.3, 1.6 Hz, 3H), 6.52 (d, J = 8.4 
Hz, 3H), 6.22 (s, 3H), 5.03 (bs, 1H). 13C{1H} NMR (126 MHz, CD2Cl2) δ 151.18, 
142.88 (q, J = 37.6 Hz), 133.44, 132.88, 129.30, 128.32, 127.75, 127.70, 127.64, 
127.33, 127.15, 126.66, 121.51 (q, J = 268.9 Hz), 105.48 (q, J = 2.1 Hz). 19F NMR 
(471 MHz, C6D6) δ –60.83. IR (neat, cm–1): 2644m (BH stretch), 2103s (CO 
stretch). Elemental Analysis calc. (found) for C43H25BCuF9N6 (%): C 58.22 
(58.58), H 2.84 (2.79), N 9.47 (9.59). 
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4. Extremely bulky copper(I) complexes of [HB(3,5-
{1-naphthyl}2pz)3]– and [HB(3,5-{2-naphthyl}2pz)3]– and 
their self-assembly on graphene. 
The synthesis and characterization using NMR (1H, 11B, 13C), infrared 
spectroscopy, X-ray crystallography of the ethene and carbon monoxide copper(I) 
complexes of hydridotris(3,5-diphenylpyrazol-1-yl)borate ([TpPh2]–) and the two 
new ligands hydridotris(3,5-bis(1-naphthyl)pyrazol-1-yl)borate ([Tp(1Nt)2]–) and 
hydridotris(3,5-bis-(2-naphthyl)pyrazol-1-yl)borate ([Tp(2Nt)2]–) are described. X-
ray crystal structures are reported of [Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)]. 
The compound [Cu(TpPh2)(C2H4)] features interactions between the protons of the 
ethene ligand and the π-electron clouds of the phenyl substituents that make up 
the binding pocket surrounding the copper(I) center. These dipolar interactions 
result in strongly upfield shifted signals of the ethene protons in 1H-NMR. 
[Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] were examined using infrared 
spectroscopy and were found to have CO stretching vibrations at 2076 and 2080 
cm–1 respectively. The copper(I) carbonyl complexes form self-assembled 
monolayers when drop cast onto HOPG and thin multilayers of a few nanometers 
thickness when dip coated onto graphene. General macroscopic trends such as the 
different tendencies to crystallize observed in the complexes of the two naphthyl-
substituted ligands appear to extend well to the nanoscale where a well-organized 
monolayer could be observed of [Cu(Tp(2Nt)2)(CO)].  
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4.1. Introduction  
The properties of graphene can be altered and augmented through the 
application of self-assembled monolayers (SAMs) of functional materials and 
insulators.[1-3] SAMs can alter the properties of graphene by insulating the 
graphene from harmful chemicals, shielding the graphene from electrical 
interference or purposely inducing a field effect. An important example of the 
intentional modification of the field effect on graphene is the use of tailored 
SAMs that are responsive to analytes of particular interest. Interaction between 
the sensitizer and the analyte induces a change in the electrical field permeating 
the graphene and causes a sensing response in the form of an altered 
conductivity through the graphene. Such graphene-based field-effect 
transistors (GFETs) hold promise for the detection of extremely low 
concentrations of gas, as the entire graphene surface can contribute to the 
sensing effect without the need for any non-contributing bulk as is typically the 
case in the ubiquitous metal-oxide semiconductor (MOS) based gas sensors.  
An interesting sensitizer/analyte couple consists of copper(I) complexes and 
ethene gas. Ethene gas is an important analyte in agricultural settings as it 
induces physiological responses in crops such as fruits, vegetables and flowers. 
In agricultural settings and particularly in nature, ethene is typically found in 
extremely low concentrations (10–1000 ppb). Copper(I) complexes are useful 
components for ethene sensors as they offer potential as low-cost, high affinity 
sensitizers with good analyte specificity. A class of compounds that is 
particularly suitable for gas sensing are the copper(I) 
hydridotrispyrazolylborate complexes, which mimic the structure of the active 
sites of biological systems. Example of such biological systems include 
hemocyanin, responsible for reversible dioxygen uptake in mollusks; fungal 
galactose oxidase, an extracellular copper enzyme capable of catalyzing the 
oxidation of primary alcohols to aldehydes and ETR-1, the proposed active site 
of copper(I) containing ethene-sensing membrane proteins in climacteric 
plants.[4-6]  
Copper(I) is well known for its ability to reversibly bind alkenes in general and 
ethene in particular. Many examples of ethene-bound 
hydridotrispyrazolylborate copper(I) complexes have been reported, with 
ligands containing electron-withdrawing substituents like trifluoromethyl or 
nitro groups or bulky substituents such as phenyl or mesityl groups.[7-10] By 
carefully selecting the substituents on the pyrazolyl rings the coordination 
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pocket surrounding the copper(I) center can be modified electronically and 
structurally allowing significant control over the electron density on the 
copper(I) center and the reactivity of the corresponding ethene complexes.[9]  
So far the interaction of the graphene plane with other molecules typically has 
been studied using essentially two-dimensional molecules like pentacene, 
pyrene and porphyrins while more structurally complex compounds are 
avoided.[11] In order to study the interaction and potential for self-assembly of 
three-dimensional complexes such as the aforementioned copper(I) 
compounds on the graphene surface we set out to synthesize and study a 
number of copper(I) hydridotrispyrazolylborate complexes that were 
specifically optimized for the purpose. Current examples of non-covalent SAMs 
on graphene typically exploit the ability of graphene to bind to adsorbates by 
π-stacking interactions. For this reason the copper(I) complexes devised for the 
purpose were modified with naphthyl-substituents in the 3- and 5-positions of 
the pyrazole rings. To gain some initial insight we chose to use [TpPh2]– as our 
starting point. [TpPh2]– is a ligand that has been used in biomimetic models of 
active sites of proteins and enzymes containing manganese, iron, nickel, cobalt 
and copper.[4, 12-20] The copper chemistry of [TpPh2]– includes relevant examples 
such as [Cu(TpPh2)(CO)], [Cu(TpPh2)]2, [Cu2(TpPh2)2(µ-O2)], [Cu(TpPh2)Cl] and 
[Cu(TpPh2)(S2CNEt)].[4, 14, 21]  
 
Scheme 4.1. The ligands studied in this work. a [TpPh2]–, b [Tp2Nt2]–, c [Tp1Nt2]–, –[N-N] 
represents the third substituted pyrazole ring. 
With phenyl substituents on the 3- and 5-positions of the pyrazolyl groups 
[TpPh2]– has only limited steric flexibility. The phenyl groups on the pyrazole 
ring form a “pocket” around copper in which any ancillary ligand must be small 
enough to be sterically accommodated and is likely to be influenced by the π-
electron clouds of the aryl groups. To the best of our knowledge the compound 
[Cu(TpPh2)(C2H4)] has not been reported to date; it is included in this work as it 
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can serve as a useful reference for the naphthyl-substituted complexes it was 
included in this work. The copper(I) chemistry of the three ligands [TpPh2]–, 
[Tp1Nt2]– and [Tp2Nt2]–, (see Scheme 4.1) is reported in this Chapter.  
4.2. Results 
4.2.1. Syntheses of the ligands  
The ligands KTpPh2 and NaTp(2Nt)2 were synthesized by slowly heating to reflux 
a small excess of the respective pyrazoles with KBH4 or NaBH4 in high-boiling 
solvents. KTp(1Nt)2 was synthesized by heating KBH4 in molten 3,5-di(1-
naphthyl)pyrazole. For KTpPh2 1,2,4-trichlorobenzene was used as a solvent 
while for NaTp(2Nt)2 the boiling point of 1,2,4-trichlorobenzene was found to be 
insufficient for full conversion to the trisubstituted ligand. The more polar 1,3-
dimethyltetrahydropyrimidin-2(1H)-one (N,N’-dimethylpropyleneurea, DMPU, 
b.p. 246 °C) was employed instead.  
In general it is our observation that polar aprotic solvents such as N,N-
dimethylacetamide (b.p. 165 °C), 4-methylanisole (b.p. 174 °C), 1,2,4-
trichlorobenzene (b.p. 214 °C), 1,3-dimethyl-2-imidazolidinone (b.p. 225 °C) 
and DMPU are excellent solvents for the synthesis of 
hydridopolypyrazolylborate ligands due to their polar properties and high 
boiling points. The exact choice of solvent depends on the solubility of the 
pyrazole and the alkali tetrahydridoborate in the hot solvent with reactions 
proceeding faster, more homogeneously and more completely in solvents 
capable of completely dissolving the reagents when hot. Not much difference 
was noted in the use of NaBH4 and KBH4 except that NaBH4 appears to dissolve 
more readily in the hot organic solvents leading to a reduction in reactions 
times. The products were isolated by distilling off the solvents in vacuo and 
washing the solids with diethyl ether to remove remaining pyrazole. In the case 
of KTp(1Nt)2 the impure product was obtained as a thick liquid from which the 
pure product could be isolated by adding a small amount of acetonitrile causing 
the precipitation of an acetonitrile adduct of the potassium salt of the ligand.  
An important consequence of using polar aprotic solvents like DMPU and 
acetonitrile is that they can become incorporated in the final product as ligands 
coordinating the alkali metal ion. Typical examples of coordinated solvents 
include small molecules such as acetone, THF, water and diethyl ether which 
can occur as bridging ligands in dinuclear species as found in [Na2(TpCF3,ME)2(µ-
H2O)2] and [Na2(TpCF3,4-CF3Ph)2(µ-H2O)2] or as capping ligands in species such as 
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[Cu(Tp(CF3)2)(Et2O)], [Cu(TpCF3,Ph)(H2O)] and [Na(TpCF3,Ph)(THF)].[9, 22] In the 
NMR spectra of KTp(1Nt)2·MeCN and NaTp(2Nt)2·DMPU one equivalent of DMPU 
and acetonitrile respectively were observed. It is therefore plausible that the 
sodium and potassium complexes of the naphthyl-disubstituted ligands contain 
DMPU or acetonitrile ancillary ligands. In addition the signals for water were 
found to be significantly broadened in the 1H NMR spectrum of KTp(1Nt)2 and to 
integrate to 2H in the 1H NMR spectrum of NaTp(2Nt)2 which indicates that DMPU 
and acetonitrile are not the only coordinated small molecules in the alkali salts 
of these ligands and that water likely completes the first coordination sphere of 
the alkali ions.  
4.2.2. Synthesis of the carbonyl and ethene copper(I) complexes 
For the synthesis of the complexes inspiration was found in the synthesis of the 
carbonyl complex [Cu(TpPh2)(CO)] by a metathesis reaction between KTpPh2 and 
CuCl in DCM under 1 atm carbon monoxide as reported by Kitajima et al.[4] We 
used a similar approach using CuI (which, unlike CuCl, is air-stable) and higher 
pressures of carbon monoxide in steel autoclaves. The use of high pressures of 
carbon monoxide is not required for the synthesis of [Cu(TpPh2)(CO)] nor is 
such a requirement likely for [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)]. For the 
synthesis of the ethene complexes [Cu(Tp(1Nt)2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)] 
a similar approach was taken, small excesses of CuI were stirred under 1 atm 
ethene atmospheres in the presence of the sodium or potassium salts of the 
ligands in DCM. Filtration followed by evaporation of the solvent afforded the 
crude complexes.  
To prepare [Cu(TpPh2)(C2H4)] ethene was bubbled through a clear solution of 
[Cu(Tp(Ph)2)]2 in THF, as soon as the solution was exposed to ethene gas an 
equimolar mixture of KI and [Cu(TpPh2)(C2H4)] precipitated. Filtration of the 
precipitate afforded a white air-stable powder which was essentially insoluble 
in THF and diethyl ether and only slightly soluble in benzene, chloroform and 
DCM. The KI impurity poses no hindrance for most analyses and no attempts 
were made to remove it. To grow X-ray quality crystals of [Cu(TpPh2)(C2H4)] 
without KI we exploited the poor solubility of the complex by letting ethene gas 
diffuse slowly into a THF solution of KTpPh2 and CuI. As in this way the reaction 
proceeded considerably more slowly the poorly soluble ethene complex and the 
KI byproduct had sufficient time to separate avoiding the inclusion of KI in the 
product. Compared to [Cu(TpPh2)(C2H4) the ethene and carbonyl complexes of 
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[Tp(2Nt)2]– have slightly higher solubilities whereas the ethene and carbonyl 
complexes of [Tp(1Nt)2]– are quite soluble in most solvents. 
 
Scheme 4.2. The equilibrium between the 16-electron complex [Cu(TpPh2)] and the 
dimer [Cu(TpPh2)]2. 
The syntheses of [Cu(TpPh2)(CO)] and [Cu(TpPh2)(C2H4)] are assumed to 
proceed via the coordinatively unsaturated 16-electron complex [Cu(TpPh2)] 
which has been reported by Carrier et al.[21] In solution such 16-electron species 
are believed to exist in equilibrium with their dimers (see Scheme 4.2), the 
exact equilibrium constant is thought to depend on the steric bulk of the 
substituents in the 3-position.[4, 23] As the dimeric species are not air-stable for 
longer periods of time they are best prepared in situ. Assuming the chemistry 
of the reported complexes to be similar to the chemistry of the novel, 
comparatively bulky naphthyl-disubstituted complexes the reaction 
intermediates should be equally similar. In complexes bearing the naphthyl-
disubstituted ligands the equilibrium between the 16-electron complexes and 
their dimers, if formed at all, is likely to be shifted in favor of the mononuclear 
species because of the steric requirements of the bulky naphthyl groups. In such 
cases in copper(I) chemistry air-stable (or at least more stable) intermediates 
such as acetone adducts can be useful as “loosely capped” versions of the 
mononuclear species in which the solvent ligands provide additional 
stabilization.  
The acetone adduct [Cu(TpPh2)(Me2CO)] has been reported previously and was 
synthesized by a salt metathesis of KTpPh2 and CuCl in acetone.[4] Unfortunately 
[Cu(TpPh2)(Me2CO)] was found to be too unstable in air limiting its usefulness 
for further complex synthesis. When the same synthetic procedure was applied 
using KTp(1Nt)2 or NaTp(2Nt)2 in DCM deep red solutions were obtained upon 
even the briefest exposures of their DCM solutions to air. Although no effort was 
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made to identify these red products they are assumed to be copper(II) 
complexes indicating that the use of “capped intermediates” is not viable for 
such sterically demanding ligands as [Tp(1Nt)2]– and [Tp(2Nt)2]–. 
In solution in DCM or benzene the carbonyl complexes appear to be stable 
allowing for short exposures to air without obvious discoloration. However, the 
ethene complexes are less stable in solution and the color of the solutions 
changes to reddish brown after exposure to air for more than a few minutes. 
Attempts to crystallize [Cu(Tp(1Nt)2)(C2H4)] from DCM/pentane resulted in the 
formation of a large amount of crystals that were found to consist entirely of 
pure 3,5-di(1-naphthyl)pyrazole. In the solid state all complexes are reasonably 
stable with respect to oxidation allowing for short exposures to air without 
apparent decomposition. 
4.2.3. Descriptions of the X-ray crystal structures 
X-ray quality crystals were obtained for the compounds [Cu(TpPh2)(C2H4)] and 
[Cu(Tp(2Nt)2)(C2H4)]. The crystallographic data for both crystal structures and 
relevant bond distances and angles are given in Appendix IV. X-ray quality 
crystals of [Cu(TpPh2)(C2H4)] were grown by slow diffusion of ethene gas into a 
filtered THF solution prepared from an equimolar mixture of KTpPh2 and CuI. A 
projection of the crystal structure of [Cu(TpPh2)(C2H4)] is shown in Figure 4.1. 
The copper(I) center is coordinated in a distorted tetrahedral geometry by 
three nitrogen atoms of the [TpPh2]– ligand and an ethene ligand which is 
coordinated in the typical η2 fashion. [Cu(TpPh2)(C2H4)] crystallized in π-stacked 
chains of head-to-tail rows of complexes with the phenyl-rings alternatingly 
rotated clockwise and anticlockwise. The compound crystallized in a trigonal 
space group with the copper and boron center located on an axis of threefold-
rotational symmetry. For refinement the ethene ligand was constrained to be 
distributed over three orientations with occupancy factors of ⅓ each. The bond 
lengths Cu1–C1 and Cu1–C2 are 2.05(3) Å and 2.02(3) Å respectively, which fall 
in the range of distances observed previously in similar complexes.[8] The 
ethene bond length C1–C2 of 1.381(18) Å is slightly longer than in free ethene 
(1.3384(10) Å).[24] The observed C1–C2 distance is comparable to those in 
[Cu(TpMs)(C2H4)] (1.345(16) Å) and [(C2H4)Cu(µ-Tp)CuCl]2 (1.347(5) Å), but 
somewhat longer than the distances in [Cu(TpMe2)(C2H4)] (1.329(9) Å) and 
[Cu(TpCF3,Ph)(C2H4)] (1.30(1) Å).[8, 10, 25] The structure is densely packed and 
features π-stacking interactions between the aromatic rings of adjacent 
complexes. The protons of the ethene ligand and the carbon atoms in the 
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surrounding phenyl rings feature a number of short contacts with distances in 
the range of 2.7 – 3.0 Å. The phenyl rings are rotated out-of-plane of the 
pyrazoles with torsion angles of 55° for the rings at the 3-positions and 51° for 
the rings in 5-positions. Impressions of the dense packing of [Cu(TpPh2)(C2H4)] 
are provided in appendix IV. 
 
Figure 4.1. Displacement ellipsoid plot (50% probability level) of [Cu(TpPh2)(C2H4)] at 
110(2) K. Hydrogen atoms have been omitted and one of the arms of the 
trispyrazolylborate ligand is shown as a wireframe projection for the sake of clarity, 
only one of the three orientations of the ethene ligand is shown. Symmetry operation ‘ 
= [1–y, 2+x–y, z], symmetry operation for the wireframe segment = [y-x–1, 1–x, z]. 
Colorless single crystals of [Cu(Tp(2Nt)2)(C2H4)] were obtained by diffusion of 
diethyl ether into a DCM solution of the complex. The complex crystallizes in 
the space group C2/c with two independent complex molecules and three 
solvent molecules in the asymmetric unit. The crystal structure of 
[Cu(Tp(2Nt)2)(C2H4)] (Figure 4.2) shows a distorted tetrahedral copper(I) center 
coordinated by three nitrogen atoms of the [Tp(2Nt)2]– ligand and an η2-
coordinated ethene ligand. The ethene ligand in [Cu(Tp(2Nt)2)(C2H4)] is found in 
one orientation sandwiched between two naphthyl groups. The Cu1–C1, Cu1–
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C2 and C1–C2 distances are 2.0379(15), 2.0626(16) and 1.356(3) Å 
respectively. The Cu1–Cethene bond distances in [Cu(Tp(2Nt)2)(C2H4)] are 
comparable to those in [Cu(TpPh2)(C2H4)], while the C1–C2 bond is slightly 
shorter. The ethene ligand is oriented approximately along the plane formed by 
Cu1, N21 and B1 and tilted away from the approximately coplanar pyrazole 
ring. The angle between the axis Cu1-B1 and the centroid of the ethene ligand 
is 165°.  
 
Figure 4.2. Displacement ellipsoid plot (50% probability level) of one of the 
independent molecules [Cu(Tp(2Nt)2)(C2H4)] at 110(2) K. Hydrogen atoms and solvent 
molecules were omitted for the sake of clarity. 
The dihedral angle between conjoined aromatic rings is typically ~45° as a 
result of the competition between steric and electronic effects. For instance, 
biphenyl has a dihedral angle of 44.4°.[26] In [Cu(Tp(2Nt)2)(C2H4)] the dihedral 
angles between the pyrazoles and the naphthyl groups are in the range of 37°-
52°. The deflections of the naphthyl rings away from the approximate 45° angle 
are likely the effect of crystal packing interactions indicating relatively low 
rotational barriers in accordance with the low rotational barrier of 6.2(2.3) 
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kJ/mol calculated for biphenyl.[26] The crystal packing is dominated by π-
stacking interactions, but also includes a short contact of 3.05 Å between the 
ethene ligand and a proton of a naphthyl group from a nearby complex. 
Impressions of the dense packing of [Cu(Tp(2Nt)2)(C2H4)] are shown in Appendix 
IV. 
Table 4.1. Selected distances (Å) and angles (°) for 
[Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)]. 
 [Cu(TpPh2)(C2H4)]  [Cu(Tp(2Nt)2)(C2H4)] 
C1–C2 1.381(18) 1.356(3) 
Cu1–C1 2.02(3) 2.0379(15) 
Cu1–C2 2.05(3) 2.0626(16) 
Cu1–N12 2.0959(16) 2.0720(13) 
Cu1–N22  2.0216(13) 
Cu1–N32  2.1440(13) 
N12–Cu1–N22* 90.05(6) 90.65(5) 
N22–Cu1–N32  89.66(5) 
N32–Cu1–N12  102.98(6) 
Cu1···B1 3.066(1) 3.052(2) 
* For [Cu(TpPh2)(C2H4)] the angle N12–Cu–N12’ is given. 
 
4.2.4. NMR spectroscopy 
The sodium or potassium salts of the ligands as well as the copper complexes 
were analyzed using 1H, 11B and 13C NMR; relevant chemical shifts are collected 
in Table 4.2. The sodium and potassium salts of the ligands are quite soluble in 
polar aprotic solvents like THF, acetone and acetonitrile and somewhat soluble 
in DCM and chloroform. In protic solvents such as C2D5OD and CD3OD 
noticeable solvolysis of the B—H bond occurs within only a few minutes as 
evident from the appearance of a new sharp peak in 11B NMR with a small 
downfield shift (5–10 ppm) compared to the 11B signal of the original ligand. 
The sharpness of the peak observed after solvolysis indicates the absence of JBH-
coupling interactions and suggests that the initial reaction in the degradation 
pathway of the trispyrazolylborate ligands is protonation and subsequent 
solvolysis of the hydride and not of the B–N bonds.  
The 1H-NMR spectra of [Cu(TpPh2)(C2H4)], [Cu(Tp(1Nt)2)(C2H4)] and 
[Cu(Tp(2Nt)2)(C2H4)] were recorded in CD2Cl2, CDCl3 and C6D6. In all cases the 
spectra did not show the presence of free ethene. The ethene protons of 
[Cu(TpPh2)(C2H4)] are present as a sharp singlet at 3.53 ppm (CDCl3, 298 K). The 
ethene protons for [Cu(Tp(2Nt)2)(C2H4)] are located at 3.53 ppm in CDCl3 and 
THF-d8 (298 K) but at 3.78 ppm in C6D6 (298 K). The ethene signal in 
[Cu(Tp(1Nt)2)(C2H4)] was observed at the unexpectedly low chemical shifts of 
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2.64 ppm (C6D6, 297 K see Figure 4.3) and even at 2.15 ppm in CD2Cl2 (297 K). 
The surprisingly large shift for [Cu(Tp(2Nt)2)(C2H4)] even significantly exceeds 
that reported for [Cu(TpMs)(C2H4)] (2.72 ppm, CD2Cl2), a complex featuring a 
somewhat similar coordination environment for the ethene molecule.[8] 
 
Figure 4.3. Stacked variable temperature 1H-NMR spectra of [Cu(Tp(1Nt)2)(C2H4)] in 
C6D6. The inset shows the borohydride peak, the small singlet on top of the BH peak is 
a 13C-satellite peak of the DCM. 
As may be expected, the upfield shifts are more pronounced than those 
observed in similar complexes featuring strongly electron-withdrawing ligands 
such as [Cu(TpCF3,Ph)(C2H4)] (4.91 ppm, CD2Cl2) and [Cu(Tp(CF3)2)(C2H4)] (4.96 
ppm, CDCl3).[10] More unexpected is that the shifts exceed those observed in 
copper(I) complexes featuring electron-donating ligands like [Cu(Tp)(C2H4)] 
and [Cu(TpMe2)(C2H4)] (respectively 4.41 ppm and 4.43 ppm in CD2Cl2).[25] 
Shielding of the ethene protons by the π-electron clouds of the naphthyl groups 
likely causes the large upfield shifts. 
In contrast to [Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)] the ethene signal in 
[Cu(Tp(1Nt)2)(C2H4)] is not observed as a sharp peak but rather as a broadened 
singlet which sharpens as the temperature rises (see Figure 4.3). The peak 
broadening observed in [Cu(Tp(1Nt)2)(C2H4)] also extends to a number of the 
resonances for naphthyl protons indicating restriction of movement of these 
protons in the complex. When the temperature was raised to 70 °C the broad 
signals broadened further while the ethene signal sharpened indicating that the 
restricted movement does not become significantly less restricted at elevated 
temperatures. A similar observation was reported by Rheingold et al. for the 
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structurally comparable ligand [Tp1Nt]– which in the complex [Co(Tp1Nt)(TpMe2)] 
produced NMR spectra aptly referred to as “baffling”.[27] The underlying cause 
for the complicated 1H-NMR spectrum of [Co(Tp1Nt)(TpMe2)] was found to be a 
lack of symmetry in the complex which is retained in solution. The 1H-NMR 
spectrum of [Cu(Tp(1Nt)2)(C2H4)] is further complicated by the decomposition of 
the ligand which releases free pyrazole upon hydrolysis of the B–N bonds.  
Table 4.2. 1H and 13C NMR resonances of [Cu(TpR,R)(C2H4)] complexes (chemical shifts in ppm)* and 
infrared CO stretching frequencies. 
 1H NMR 
(ppm, L = C2H4) 
13C NMR 
(ppm, L = C2H4) 
ν(CO)  
(cm–1, L = CO) 
Ref. 









Free CO   2143  
[Cu(TpPh2)(L)]  3.53 (CDCl3) 81.6 (CDCl3) 2080 this work 
[29]  
[Cu(Tp(1Nt)2)(L)] 2.64 (C6D6, 297 K) 
2.57 (C6D6, 343 K) 
2.15 (CD2Cl2, 297 K) 
81.2 (C6D6, 343 K) 
78.8 (CD2Cl2, 203 K) 
2076 this work 
[Cu(Tp(2Nt)2)(L)] 3.53 (CDCl3) 
3.53 (THF-d8) 
3.78 (C6D6) 
81.91 (C6D6) 2080 this work 
[Cu(TpMs)(L)] 2.72 (CDCl3) 
3.08 (C6D6) 
77.4 (C6D6)  [8] 
[Cu(Tp)(L)]** 4.43 (CD2Cl2)  2083 [25, 30] 
[Cu(TpMe2)(L)] 4.41 (CD2Cl2)  2066 [25, 30] 
[Cu(TpCF3,Ph)(L)] 4.91 (CD2Cl2) 
5.20 (C6D6) 
85.8 (CD2Cl2) 2103 [10, 22] 




2100 [10, 31] 





2137 [10, 32] 
* T = room temperature unless otherwise specified. ** [Cu(Tp)(C2H4)] was observed as 
[Cu(Tp)(C2H4)]2·[CuCl]2. 
 
Initially the free pyrazole was assumed to be an impurity carried over from the 
ligand, but further purification of the ligand did not result in pyrazole-free NMR 
spectra for [Cu(Tp(1Nt)2)(C2H4)]. This observation is in agreement with the 
crystallization experiments with [Cu(Tp(1Nt)2)(C2H4)], which resulted in the 
formation of crystals of the free pyrazole and confirm that [Cu(Tp(1Nt)2)(C2H4)] 
is unstable in solution even in the absence of air. Only when the integration was 
corrected for the free pyrazole satisfactory values were obtained.  
Peak broadening is not seen in the 1H-NMR spectrum of [Cu(Tp(1Nt)2)(CO)] nor 
in [Cu(Tp(2Nt)2)(CO)]; clearly the structural asymmetry present in 
[Cu(Tp(1Nt)2)(C2H4)] is not present in the carbonyl complexes. The 13CO signals 
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were not observed on 13C{1H}-NMR, their absence is attributed to peak 
broadening of the carbonyl signal. The absence of clear signals for the carbonyl 
ligands is not unusual, unless 13C-labeled CO is used it is generally very difficult 
to observe these signals.[33] 
In all cases the hydride was observed as a broadened singlet around 5 ppm. The 
BH signals showed no visible splitting patterns as a consequence of high 
quadrupole moments of the 10B (S = 3) and 11B (S = 3/2) nuclei. Typically 
splitting of the BH peaks in polypyrazolylborate ligands and their complexes is 
only observed if the local symmetry around the B nuclei is high, as asymmetry 
increases the quadrupole moments of the boron nuclei.  
4.2.5. Infrared spectroscopy 
IR spectra of the carbonyl complexes [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] 
were recorded; their CO-stretching frequencies were found to be 2076 and 
2080 cm–1 respectively. This places the electronic properties of 
[Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] close to the structurally similar 
compound [Cu(TpPh2)(CO)] for which a frequency of 2080 cm–1 has been 
reported.[29] These CO stretching frequencies are significantly lower than those 
reported for electron-poor copper carbonyl complexes like [Cu(Tp(CF3)2)(CO)] 
and [Cu(TpCF3,Ph)(CO)] (2137 cm–1 and 2103 cm–1) and higher than the CO 
frequency reported for an electron-rich carbonyl complex such as 
[Cu(TpMe2)(CO)]. [20],[30],[32] The CO stretching frequencies of [Cu(Tp(1Nt)2)(CO)] 
and [Cu(Tp(2Nt)2)(CO)] are therefore best considered to indicate copper(I) 
centers that are neither particularly electron rich nor electron poor. The CO 
stretching frequencies of a number of carbonyl copper(I) 
hydridotrispyrazolylborate complexes are listed in Table 4.2. 
4.2.6. Self-assembly of [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] on HOPG 
and graphene 
To study the behavior of the carbonyl complexes on graphene surfaces two 
approaches were taken. In the first approach we exploited the characteristic 
ability of carbon allotropes such as graphite and amorphous carbon (e.g. 
charcoal) to adsorb dissolved compounds. Our aim was to adsorb the carbonyl 
complexes as monolayers on the surface of graphene by immersing samples of 
graphene (on silicon wafer substrates) in concentrated solutions of the 
carbonyl complexes in dichloromethane. In the second approach a dilute (~0.5 
µM) solution of either [Cu(Tp(1Nt)2)(CO)] or [Cu(Tp(2Nt)2)(CO)] was drop casted 
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on freshly cleaved highly-oriented pyrolytic graphite (HOPG) in the hope of 
forming domains of monolayers on the HOPG surface. 
 
Figure 4.4. a. Schematic exploded view of the graphene samples. CVD graphene is 
placed atop a silicon dioxide layer on a silicon wafer and covered in a layer of 
[Cu(Tp(Nt)2)(CO)]. b. Estimated layer thicknesses as determined with ellipsometry of the 
[Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] layers on graphene obtained by dip-coating in 
concentrated solutions of the complexes in DCM. 
The layer thicknesses obtained by dip coating were estimated using 
ellipsometry. The obtained layers were found to be of homogeneous thickness 
throughout each sample with only small variations (see Figure 4.4b), the 
obtained layer thicknesses signify layers of 3–5 complex molecules.  
Ellipsometry could not be used for the samples prepared by drop casting of 
[Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] as HOPG is not sufficiently flat. The 
HOPG samples and the graphene samples were studied using atomic force 
microscopy (AFM). In the HOPG samples a clear difference was observed 
between the two compounds. The sample drop casted with [Cu(Tp(2Nt)2)(CO)] 
showed domain-like areas delineated by steps of approximately 10 Å high while 
the sample drop casted with [Cu(Tp(1Nt)2)(CO)] showed no obvious surface 
structures (see Figure 4.6). The step height of the domains corresponds with 
the expected height of a monolayer of [Cu(Tp(2Nt)2)(CO)]. The angles between 
the domains are approximately 60° or 120° indicating that they are possibly 





Figure 4.5. Impression of the proposed stacking of the complex [Cu(Tp(2Nt)2)(C2H4)] 
onto graphene. The X-ray crystal structure of [Cu(Tp(2Nt)2)(CO)] has not been 
determined but is assumed to have roughly the same dimensions. 
 
Figure 4.6. AFM scans of [Cu(Tp(1Nt)2)(CO)] (a) and [Cu(Tp(2Nt)2)(CO)] (b) drop casted 
on HOPG. The domains visible in (b) have lengths and widths of hundreds of nm and a 
step height of approximately 10 Å. 
The graphene samples dip coated with [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] 
did not show the domains observed in the HOPG samples. Instead, fibrous 
structures were observed with average heights that correspond well with the 
layer thicknesses determined using ellipsometry. The larger structures on the 
dip-coated sample of [Cu(Tp(1Nt)2)(CO)] appear to align along similar axes, the 
structures are much smaller than those observed in the dip-coated sample of 




Figure 4.7. AFM scans of dip-coated samples of [Cu(Tp(1Nt)2)(CO)] (a) and 
[Cu(Tp(2Nt)2)(CO)] (b) on graphene. 
As AFM does not normally offer atomic resolution scanning tunneling 
microscopy (STM) was used to study the ordering on the surface in greater 
detail. To maximize the odds of observing self-assembly on HOPG the use of the 
typically non-crystalline [Cu(Tp(1Nt)2)(CO)] was forgone in favor of 
[Cu(Tp(2Nt)2)(CO)]. In order to improve the ordering on the surface further the 
solvent used to drop cast [Cu(Tp(2Nt)2)(CO)] was not DCM but cyclohexane. 
Cylcohexane offers the advantage of a lower rate of evaporation compared to 
DCM, which potentially leads to the formation of larger, more ordered domains 
as the self-assembly of [Cu(Tp(2Nt)2)(CO)] has more time to proceed. 
Cyclohexane was not used for dip coating experiments as the solubility of the 
complex in cyclohexane is quite low, i.e. the dissolution of [Cu(Tp(2Nt)2)(CO)] in 
cyclohexane to form a 0.5 mM proceeded only very slowly and a 1 mM solution 
could not be made due to saturation.  
The domain of [Cu(Tp(2Nt)2)(CO)] on HOPG in the lower half of Figure 4.8b shows 
square-packed regions. The maxima of the regions have a lattice constant of 
approximately 2.6 nm which corresponds to slightly more than two widths of 
[Cu(Tp(2Nt)2)(CO)] (based on the crystal structure of [Cu(Tp(2Nt)2)(C2H4)]) which 
would be 2.4 nm. We assume the regions that make up the domain to consist of 
[Cu(Tp(2Nt)2)(CO)] molecules packed anti-parallel to each other with naphthyl 





Figure 4.8. STM scans of bare graphene showing atomic resolution (a) and 
[Cu(Tp(2Nt)2)(CO)] on HOPG (b). In the lower half of image (b) a discrete domain of self-
assembled [Cu(Tp(2Nt)2)(CO)] is clearly distinguishable from the bare HOPG planes in 
the top. 
4.3. Discussion 
We set out in this work to study the properties of copper(I) complexes of the 
new, extremely bulky naphthyl-substituted hydridotrispyrazolylborate ligands 
[Tp(1Nt)2]– and [Tp(1Nt)2]–. The resulting complexes were expected to have 
properties similar to those of structurally related complexes [Cu(TpPh2)(C2H4)], 
[Cu(TpPh2)(CO)] and [Cu(TpMs)(C2H4)]. Instead, a mismatch was found between 
the observations from infrared spectroscopy and NMR. It was assumed that if 
[Cu(Tp(1Nt)2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)] contained relatively electron-rich 
copper(I) centers, as appeared from the large upfield shifts on 1H NMR, 
[Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] would likely have similarly electron-
donating copper(I) centers which would result in low CO stretching 
frequencies. Instead, “normal” stretching frequencies close to the stretching 
frequency of [Cu(TpPh2)(CO)] were observed. The CO stretching frequencies 
observed in [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] conformed reasonably to 
expectations with frequencies close to those reported for [Cu(TpPh2)(CO)]. 
A likely explanation for the mismatch between the observations in IR and NMR 
experiments is that additional shielding of the ethene protons by the naphthyl 
groups is responsible for their relatively low chemical shifts; the same 
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explanation was offered for [Cu(TpMs)(C2H4)].[8, 34] This would suggest the 
presence of a significant interaction between the protons of the ethene ligands 
and the aromatic groups nearby and indeed the crystal structures of 
[Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)] show the ethene protons to be in 
close proximity to the nearby π-systems. Further supporting this explanation 
are the observations that the protons of the ethene ligand show as a broadened 
singlet in the 1H-NMR spectrum of [Cu(Tp(1Nt)2)(C2H4)] and that peak 
broadening is essentially absent in the 1H-NMR spectrum of [Cu(Tp(2Nt)2)(CO)] 
while it dominates the spectrum of [Cu(Tp(2Nt)2)(C2H4)]. The peak broadening 
observed in the ethene signal in [Cu(Tp(1Nt)2)(C2H4)] is likely the result of the 
limited ability of 1-naphthyl groups to rotate with respect to the adjacent 
pyrazole plane, an effect that was observed before in other naphthyl-
substituted hydridotrispyrazolylborate ligands such as [TpCF3,1Nt]– and [Tp1Nt]–
.[27]  
The influence of the conformational freedom of the [Tp(1Nt)2]– and [Tp(2Nt)2]– 
ligands extends beyond electronic effects as observed in 1H-NMR spectra. 
Notably, the complexes of [Tp(2Nt)2]– show a pronounced tendency to crystallize 
and have low solubilities in most solvents while the complexes containing the 
ligand [Tp(1Nt)2]– show barely any tendency to crystallize. Although the 
complexes of [Tp(1Nt)2]– form solids (rather than oils) all attempts at 
crystallization failed. The inability of complexes containing the ligand [Tp(1Nt)2]– 
to form well-defined crystals likely stems from the formation of a number of 
different conformational isomers of the complexes due to the limited rotational 
freedom of the naphthyl groups in the [Tp(1Nt)2]– ligand.  
This important difference between the naphthyl-substituted complexes 
reported in this work can be observed even on the nanoscale in the self-
assembled layers on HOPG and graphene using AFM and STM. Whereas 
[Cu(Tp(2Nt)2)(CO)] formed clearly visible domains the surface of a similarly 
prepared sample bearing [Cu(Tp(1Nt)2)(CO)] showed no evidence of ordered 
assembly. When samples were prepared using dip coating the resulting layers 
were found to be quite even in thickness forming layers of between three and 
five monolayers. The difference in the layer thicknesses observed in the 
samples of [Cu(Tp(1Nt)2)(CO)]  and [Cu(Tp(2Nt)2)(CO)] may have been caused by 
the difference in the concentrations of the solutions of [Cu(Tp(1Nt)2)(CO)] and 
[Cu(Tp(2Nt)2)(CO)] used to dip the samples. Drop casting dilute solutions of the 
complexes [Cu(Tp(2Nt)2)(CO)] on HOPG was found to be an effective means by 
which to apply a monolayer. The fact that discrete, ordered monolayers in drop-
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cast samples of [Cu(Tp(2Nt)2)(CO)] were observed on STM indicates that for 
[Cu(Tp(2Nt)2)(CO)] on graphene Volmer-Weber growth does not apply. The 
epitaxial growth on graphene of complex molecules such as [Cu(Tp(2Nt)2)(CO)] 
is probably described best as Stranski-Krastanov growth in which the 
formation of two-dimensional and three-dimensional islands occur 
simultaneously after a certain number of monolayers has built up.[35]  
On AFM multilayer surfaces of [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] were 
observed with undulating structures where both the thinner and thicker parts 
appeared to be amorphous. As the multilayers have average thicknesses 
corresponding to approximately 3-5 monolayers the thinner zones observed on 
AFM were likely only two or three monolayers in thickness which probably 
places the critical layer thickness of the graphene/[Cu(Tp(2Nt)2)(CO)] composite 
at two or three monolayers. The critical layer thickness is a result of lattice 
mismatch between the substrate and the adsorbate which in the case of 
[Cu(Tp(2Nt)2)(CO)] adsorbed on graphene must be substantial as graphene has a 
hexagonal lattice while [Cu(Tp(2Nt)2)(CO)] adsorbed in a square packing.  
4.4. Conclusions 
in this work the complexes [Cu(TpPh2)(C2H4)], [Cu(Tp(1Nt)2)(C2H4)], 
[Cu(Tp(2Nt)2)(C2H4)], [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] were synthesized. 
The new naphthyl-substituted hydridotrispyrazolylborate ligands [Tp(1Nt)2]– 
and [Tp(2Nt)2]–, constitute some of the bulkiest hydridotrispyrazolylborate 
ligands reported to date. The ethene complexes were found to show 
particularly strong shielding of the ethene protons in NMR spectra due to the 
limited rotational freedom of the naphthyl groups combined with the steric 
pressure caused by the 3,5-disubstitution of the pyrazole rings. The 
conformational freedom of the naphthyl groups in the carbonyl complexes is 
considerably larger than in the ethene complexes which indicates, together 
with the information gained from the X-ray crystal structures of 
[Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)], that the interactions between the π 
electron clouds of the naphthyl groups around the copper(I) center and the 
ethene protons play an important role in the properties of the resulting ethene 
complexes. The carbonyl complexes were used to prepare monolayers or thin 
multilayers on graphene and HOPG and showed that a bulk property such as a 
pronounced ability or inability to crystallize on the macroscale translates well 
to the nanoscale. The findings presented in this work offer insight into the 
unexpectedly exciting chemistry and behavior of bulky, π-stacking copper(I) 
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complexes that likely also apply to other complex molecules incorporating π-
stacking ligands and opens the way for further application-oriented studies of 
such complexes in combination with graphene. 
4.5. Experimental 
4.5.1. General considerations 
All manipulations of air-sensitive compounds were performed in an 
atmosphere of purified argon gas using standard Schlenk techniques. All 
solvents were purchased from commercial sources and were reagent grade. 
Solvents used for air-sensitive manipulations were dried and deaerated using a 
PureSolv MD 5 Solvent Purification System and stored on 3 Å molecular sieves 
under argon. When appropriate, glassware was flame dried in vacuo 
immediately prior to use. 3,5-Diphenyl-1H-pyrazole was synthesized following 
a literature procedure.[4] 1H, 11B and 13C NMR spectra were recorded on a Bruker 
DPX300 spectrometer (300 MHz for 1H, 96.25 MHz for 11B, 75.44 MHz for 13C), 
a Bruker DMX400 spectrometer (400 MHz for 1H, 128.3 MHz for 11B, 100.6 MHz 
for 13C) or Bruker Avance AV500 spectrometer (500 MHz for 1H, 160 MHz for 
11B and 126 MHz for 13C). Chemical shifts are given in ppm and referenced using 
the deuterated solvents as internal references for 1H and 13C.[28] 13C spectra 
were recorded using 1H-decoupling. Elemental analyses were performed by 
Mikrolab Kolbe in Germany. IR spectra were recorded on a Perkin Elmer UATR 
Two FT-IR spectrometer set to a resolution of 2 cm–1. ESI-MS spectra were 
recorded on a Thermo Finnigan AQA ESI-MS system in MeCN. HRMS spectra 
were recorded on a Thermo Scientific LTQ Orbitrap XL high resolution FT-MS 
system in MeCN. AFM experiments were performed using a Nanoworld USC-
FO.3-KO.3 tip in a JPK NanoWizard 4a NanoScience AFM. STM experiments 
were performed using a freshly cut Pt/Ir wire tip at 298 K. The samples of 
graphene on SiO2@Si were prepared by wet-transfer of CVD graphene which 
was purchased from Graphenea. 
4.5.2. X-ray crystallography 
All reflection intensities were measured at 110(2) K using a SuperNova 
diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 
1.54178 Å) under the program CrysAlisPro (Version 1.171.36.32 Agilent 
Technologies, 2013). The same program was used to refine the cell dimensions 
and for data reduction. The structure was solved with the program SHELXS-
2013 and was refined on F2 with SHELXL-2013.[36] Analytical numeric 
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absorption correction based on a multifaceted crystal model was applied using 
CrysAlisPro. The temperature of the data collection was controlled using the 
system Cryojet (manufactured by Oxford Instruments). The H atoms were 
placed at calculated positions (unless if specified) using the instructions AFIX 
13 or AFIX 43 with isotropic displacement parameters having values 1.2 or 1.5 
times Ueq of the attached B or C atoms.  
[Cu(TpPh2)(C2H4)] 
The H atoms attached to the ethene molecule (C1/C2) were found from 
difference Fourier maps, and the C−H and H…H distances were restrained using 
the DFIX restraints. 
[Cu(Tp(2Nt)2)(C2H4)]·1.5DCM  
The structure is mostly ordered. The lattice DCM solvent molecules are 
disordered over two orientations. One of the two solvent molecules is found at 
sites of twofold axial symmetry, and its occupancy factor is constrained to 0.5. 
The occupancy factor of the major component of the other disordered solvent 
molecule refines to 0.913(5). The H atoms attached to B1, C1 and C2 were found 
from difference Fourier maps, and their coordinates and isotropic temperature 
factors were refined freely. 
4.5.3. Sample preparation for AFM and STM 
Solutions of [Cu(Tp(1Nt)2)(CO)] and [Cu(Tp(2Nt)2)(CO)] (0.5 mM in cyclohexane) 
were drop-casted in drops of 5 µL on freshly cleaved HOPG mounted on steel 
sample holding plates. The samples were left to dry in a stream of filtered argon 
for at least thirty minutes before being scanned. For the samples that were dip 
coated 11 mg (10 µmol) of [Cu(Tp(1Nt)2)(CO)] or [Cu(Tp(2Nt)2)(CO)] were added 
to 1 mL dry, degassed DCM. [Cu(Tp(1Nt)2)(CO)] dissolved completely while 
[Cu(Tp(2Nt)2)(CO)] did not. Samples of 288 nm thick SiO2 on Si coated with CVD 
graphene were then immersed completely in the solution/suspension for 10 
minutes after which the samples were removed from the solutions and 
thoroughly rinsed using a flow of DCM from a syringe (2 × 20 mL). The samples 
were left to dry in air for at least 60 minutes before being used for ellipsometry 
and AFM. The STM sample was prepared by drop casting 10 µL of a 0.5 µM 
solution of [Cu(Tp(2Nt)2)(CO)] in cyclohexane onto a ~25 mm2 freshly cleaved 
HOPG surface. After drying in argon, the sample was dried further in a stream 
of argon for 10 minutes and used immediately afterwards. 
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4.5.4. Syntheses  
3,5-Di-(1-naphthyl)-1H-pyrazole (HPz(1Nt)2) 
1-Acetylnaphthalene (8.93 mL, 58.8 mmol) and ethyl 1-naphthoate (9.0 mL, 
58.8 mmol) were added simultaneously to a rapidly stirred solution of 
potassium tert-butoxide (15.0 g, 134 mmol) in 250 mL dry THF in a flame-dried 
500 mL round bottom flask. The flask was fitted with an oven-dried reflux 
condenser and a drying tube and the reaction was heated to reflux for 48 hours. 
The THF was then removed in vacuo and 230 mL water, 20 mL 37% HCl and 
250 mL diethyl ether were added. The flask was agitated until two clear layers 
had formed which were separated. The organic layer was washed with 1 M HCl 
(3 × 100 mL) and dried over anhydrous Na2SO4 before being filtered and 
evaporated to dryness to yield 1,3-bis(1-naphthyl)propane-1,3-dione as a 
yellow solid of sufficient purity for further synthesis. Yield 18.3 g (56.4 mmol, 
96%). 1H NMR (300 MHz, CDCl3) δ 8.58 (d, J = 1.7 Hz, 2H), 8.11 – 7.85 (m, 8H), 
7.59 (tt, J = 7.0, 5.1 Hz, 4H), 7.14 (s, 1H), 4.91 (s, 1H). 13C NMR (75 MHz, CDCl3) 
δ 185.66, 135.47, 132.96, 132.90, 129.52, 128.63, 128.51, 128.29, 127.92, 
126.94, 123.42, 93.91. 1,3-Di-(1-naphthyl)propane-1,3-dione (18.28 g, 56.4 
mmol) was suspended in 57 mL absolute ethanol, hydrazine hydrate (3.3 mL, 
68.4 mmol) was added and the mixture was refluxed overnight. The next 
morning the reaction was cooled to room temperature and HCl (10 mL, 37%) 
was added, the mixture was heated to reflux for 10 minutes before being poured 
into 600 mL aqueous Na2CO3 solution (12 g, 143 mmol). The resulting slurry 
was extracted with CHCl3 (3 × 200 mL), the combined organic fractions were 
washed with water (3 × 200 mL) before being dried over anhydrous Na2SO4. 
The solution was evaporated to dryness in vacuo to yield a brown oil from 
which the product was crystallized by adding 57 mL ethanol and water to yield 
the product as a tan solid. Yield 9.03 g (28.2 mmol, 50%). M.p. = 153–155 °C. 1H 
NMR (300 MHz, acetone-d6) δ 12.78 (bs, 1H), 8.65 (bs, 2H), 7.98 (ddd, J = 8.4, 
5.9, 3.2 Hz, 4H), 7.85 (d, J = 7.1 Hz, 2H), 7.66 – 7.50 (m, 6H), 7.02 (s, 1H). 13C 
NMR (75 MHz, acetone-d6) δ 134.99, 132.19, 129.39, 129.23, 127.95, 127.32, 
126.85, 126.27, 107.83. 
3,5-Di(2-naphthyl)-1H-pyrazole (HPz(2Nt)2) 
1,3-Di-(2-naphthyl)propane-1,3-dione was prepared according to the same 
method used for 1,3-di-(2-naphthyl)propane-1,3-dione using 2-
acetylnaphthalene (5.0 g, 26.9 mmol) and methyl 2-naphthoate (4.57 g, 26.9 
mmol). All other reagents were used to scale. Yield 8.35 g (97%). Analyses were 
in agreement with those reported in the literature.[37] Hydrazine hydrate (1.5 
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mL, 30.8 mmol) was added to a suspension of 1,3-di(2-naphthyl)propane-1,3-
dione (8.35 g, 26.0 mmol) in 100 mL n-propanol and heated to reflux overnight. 
The following day the reaction mixture was cooled to room temperature and 
2.2 mL HCl 37% was added to complete the dehydration reaction. The reaction 
was heated to reflux for 3 hours before being poured carefully into 250 mL 
saturated sodium bicarbonate solution. The precipitate was filtered as a tan 
solid which was recrystallized from ethanol with a small amount of water to 
yield the product as light-yellow flakes. Yield 5.23 g (16.3 mmol, 63%). M.p. = 
243–245 °C. 1H NMR (400 MHz, DMSO-d6) δ 13.60 (s, 1H), 8.42 (s, 2H), 8.24 – 
7.79 (m, 8H), 7.64 – 7.41 (m, 5H). 1H NMR (500 MHz, C6D6) δ 8.04 (s, 1H), 7.76 
(d, J = 8.0 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.66 (d, J = 8.0 Hz, 2H), 7.35 – 7.30 (m, 
4H), 7.28 (ddd, J = 8.0, 6.8, 1.4 Hz, 2H), 7.00 (s, 2H), 6.87 (s, 1H). 13C NMR (126 
MHz, DMSO-d6) δ 151.40, 143.56, 133.27, 133.09, 132.54, 131.16, 128.72, 
128.18, 128.00, 127.78, 127.68, 126.90, 126.77, 126.43, 125.86, 123.81, 123.59, 
123.50, 123.44, 100.50. 
Potassium hydridotris(3,5-di{1-naphthyl}pyrazol-1-yl)borate, 
(KTp(1Nt)2·MeCN·H2O) 
3,5-Di(1-naphthyl)pyrazole (9.00 g, 28.1 mmol) and finely ground KBH4 (433 
mg, 8.0 mmol) were added to a flame-dried 100 mL round bottom flask fitted 
with an oven-dried reflux condenser and stir bar and placed under argon using 
a Schlenk apparatus. The mixture was heated to 160 °C and stirred until 
completely molten and homogeneous after which the melt was allowed to cool 
to room temperature. The solidified reaction mixture was broken up and the 
stir bar was removed. The mixture was again placed under argon and heated to 
250 °C for 20 hours after which vacuum was applied for seven days to remove 
the excess pyrazole by sublimation. The crude product was then cooled to room 
temperature; the solids were dissolved in 50 mL acetone and the solution was 
filtered through celite to remove an insoluble byproduct. The acetone was 
removed in vacuo and replaced with 50 mL MeCN. Approximately half of the 
MeCN was evaporated in vacuo and the solution was left to stand upon which a 
tan solid formed. After 30 minutes the resulting solids were collected by 
filtration and washed with 2 × 10 mL MeCN. The product was then air dried to 
yield the product as a tan solid (3.2 g, 39%, the filtrate contained additional 
impure product). 1H NMR (500 MHz, CD2Cl2) δ 8.77 (s, 3H), 7.90 – 7.80 (m, 8H), 
7.56 (t, J = 7.6 Hz, 6H), 7.48 (s, 3H), 7.39 (t, J = 7.5 Hz, 6H), 7.15 (d, J = 27.7 Hz, 
6H), 6.84 – 6.26 (m, 6H), 5.27 (s, 2H), 3.47 (bs, 1H), 1.94 (s, 3H, MeCN), 1.46 (bs, 
2H, H2O). A satisfactory integration is only obtained when the range 7.00–8.00 
ppm is integrated in its entirety; significant peak broadening of some signals is 
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the cause as deduced from the integration and the heightened baseline. 13C NMR 
(126 MHz, acetone-d6) δ 151.23, 147.89, 135.17, 134.60, 134.07, 133.99, 
132.87, 132.68, 129.10, 128.15, 127.96, 127.91, 127.41, 127.25, 126.96, 126.47, 
126.37, 125.96, 125.85, 125.31, 117.65, 108.10, 1.10. 13C NMR (126 MHz, 
CD2Cl2) δ 150.83, 147.70, 134.65, 133.48, 131.95, 131.76, 128.92, 127.82, 
127.34, 127.07, 126.72, 126.53, 126.37, 126.14, 126.09, 125.72, 125.51, 124.62, 
107.30, 2.06. HRMS (ESI neg.) m/z calcd. for [M–] (=C69H46BN6–) 969.38715 
found 969.38715. 
Potassium hydridotris(3,5-diphenylpyrazol-1-yl)borate, (KTpPh2) 
3,5-Diphenylpyrazole (28.1 g, 128 mmol) and KBH4 (2.079 g, 38.5 mmol) were 
suspended in 10 mL 1,2,4-trichlorobenzene and placed under argon using a 
Schlenk apparatus fitted with a H2SO4 bubbler. The reaction was heated to 
reflux (approx. 220 °C) with stirring for 17 hours upon which a solid 
precipitated. The reaction mixture was cooled to room temperature and 100 
mL petroleum ether 40-60 was added. The resulting mixture was then stored 
overnight at – 20 °C before being filtered. The residue was washed with boiling 
toluene (300 mL) and then dissolved in acetone and filtered over celite. The 
acetone was removed in vacuo and the resulting product was washed with 
pentane (20 mL) and dried in vacuo to yield the product as a white solid (17.7 
g, 65%). The toluene filtrate contained some additional product. The analyses 
agreed with values reported by Kitajima et al.[4] 
Sodium hydridotris(3,5-di{2-naphthyl}pyrazol-1-yl)borate, 
(NaTp(2Nt)2·DMPU ) 
3,5-Di-(2-naphthyl)pyrazole (4.50 g, 14.0 mmol) and NaBH4 (158 mg, 4.20 
mmol) were suspended in 18 mL dry, degassed DMPU in a flame-dried 100 mL 
round bottomed flask. The flask was fitted with a glass pipe (~30 cm in length, 
NS29 adapters, oven dried) to serve as an air-cooled condenser. The apparatus 
was placed under argon using a Schlenk apparatus fitted with a H2SO4 bubbler 
to release overpressure. The reaction mixture was stirred gently and heated to 
180 °C until the bubbler showed only limited bubbling (3 hours) before being 
heated to reflux (246 °C) overnight. The next day the reaction mixture was 
cooled to 150 °C and the air-cooled condenser was replaced with a 90° glass 
elbow fitted to a 250 mL 2-necked round bottomed flask which was connected 
to the Schlenk apparatus. The DMPU was then removed in vacuo at 150 °C until 
completely dry. It appeared to be very important to completely remove all 
solvent before proceeding. The remaining brown solids were dissolved in 
acetone (50 mL) and filtered over celite. The celite cake was washed with 
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acetone (2 × 50 mL). The combined acetone fractions were evaporated to 
dryness in vacuo to yield the crude product as a brown solid which was purified 
by repeated recrystallization from DCM/petroleum ether to yield a light brown 
microcrystalline solid. Yield 3.0 g (72%). 1H NMR (500 MHz, CD2Cl2) δ 8.34 (s, 
3H), 8.02 (d, J = 8.5 Hz, 3H), 7.91 – 7.83 (m, 9H), 7.70 (s, 3H), 7.52 – 7.38 (m, 
15H), 7.33 (t, J = 7.5 Hz, 3H), 7.03 (d, J = 8.4 Hz, 3H), 6.90 (s, 3H), 6.76 (d, J = 8.4 
Hz, 3H), 5.01 (bs, 1H), 2.64 (t, J = 5.8 Hz, 4H), 2.26 (s, 6H), 1.54 (p, J = 5.8 Hz, 
2H). 13C NMR (126 MHz, CD2Cl2) δ 156.44, 152.83, 151.68, 134.12, 133.18, 
132.91, 132.70, 131.10, 128.50, 128.45, 128.41, 128.12, 127.92, 127.65, 127.03, 
126.35, 126.09, 126.03, 125.97, 125.33, 124.75, 105.01, 47.58, 35.28, 21.77. 
HRMS (ESI neg.) m/z calcd. For [M–] (=C69H46BN6–) 969.38715 found 969.38928. 
4.5.5. Synthesis of the copper compounds 
[Cu(TpPh2)(C2H4)]·KI  
Potassium hydridotris(3,5-diphenylpyrazolyl)borate (360 mg, 0.508 mmol) 
and CuI (89 mg, 0.47 mmol) were dissolved in dry and degassed THF (10 mL) 
under argon. Ethene was bubbled through the solution upon which 
immediately a white precipitate formed. The resulting suspension was filtered 
in air; the residue was washed with n-pentane (2 × 5 mL) and dried in a stream 
of argon. This yielded [Cu(TpPh2)(C2H4)] mixed with an equimolar amount of KI 
as a white solid (yield 272 mg, 62%). 1H NMR (400 MHz, CDCl3) δ = 7.59 (d, J = 
8 Hz, 6H), 7.38 (m, 9H), 7.23 (t, J = 7 Hz), 7.03 (d, J = 8 Hz, 6H), 6.95 (t, J = 8 Hz, 
6H), 6.36 (s, 3H,), 4.80 (bs, 1H, BH), 3.53 (s, 4H). 13C{1H} NMR (100 MHz, CDCl3) 
δ = 152.8, 149.7, 134.8, 132.4, 130.0, 128.6, 128.1, 128.0, 127.7, 127.6, 105.6, 
81.6 (ethene). Elemental analysis (%) calculated for C47H38BCuN6·KI (found): C 
60.88 (61.21), H 4.13 (3.91), N 9.06 (9.08). IR ν (cm–1): 2660 cm–1 (B-H).  
[Cu(Tp(1Nt)2)(C2H4)] 
KTp(1Nt)2 (430 mg, 426 µmol) was dissolved in 15 mL DCM in a Schlenk flask (50 
mL) and bubbled with ethene for 5 minutes. The bubbling was interrupted and 
CuI (100 mg, 525 µmol) was added. Bubbling was then resumed for another 
minute before the Schlenk flask was sealed. The reaction mixture was stirred 
overnight during which the slightly off-white color of suspended CuI 
disappeared and a fine white precipitate of KI formed. The next day stirring was 
halted and the suspension was allowed to settle before the supernatant was 
transferred by cannulation through a syringe filter (0.45 µm, PTFE) to another, 
argon-filled Schlenk flask (50 mL). The clear, colorless solution was then 
evaporated to dryness to yield the product as a white solid. Yield 434 mg (96%). 
1H NMR (500 MHz, CD2Cl2, 297 K) δ 8.50 (d, J = 8.6 Hz, 1H), 8.36 (d, J = 7.5 Hz, 
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1H), 8.28 (d, J = 7.6 Hz, 3H), 8.17 (d, J = 8.5 Hz, 3H), 7.96 (d, J = 7.0 Hz, 1H), 7.94 
– 7.88 (m, 3H), 7.85 (t, J = 8.8 Hz, 8H), 7.70 (dd, J = 7.0, 1.2 Hz, 3H), 7.57 (s, 7H), 
7.52 – 7.37 (m, 12H), 7.35 (dt, J = 7.4 Hz, 3H), 7.07 (t, J = 7.7 Hz, 1H), 6.67 (s, 1H), 
6.62 (s, 3H), 6.34 (t, J = 10.8 Hz, 3H), 5.42 (t, J = 7.6 Hz, 2H), 4.20 (s, 1H), 2.15 (s, 
4H). 13C NMR (126 MHz, CD2Cl2, 203 K) δ 149.7, 148.6, 145.4, 145.0, 133.1, 
132.7, 132.6, 131.4, 131.3, 131.2, 131.0, 129.9, 129.9, 129.0, 128.6, 128.1, 128.0, 
127.9, 127.8, 127.7, 127.6, 127.1, 126.8, 126.5, 126.2, 126.1, 125.9, 125.6, 125.5, 
125.4, 124.6, 123.0, 108.5, 108.0, 78.8 (ethene). 13C NMR (126 MHz, C6D6, 343 
K) δ 151.6, 147.3, 134.2, 134.1, 133.3, 133.2, 133.1, 130.4, 130.2, 128.7, 128.5, 
128.4, 128.4, 128.1, 128.1, 126.9, 126.6, 126.5, 126.5, 126.0, 125.8, 125.1, 124.6, 
109.7, 81.2 (ethene). Elemental analysis (%) calculated for 
C71H50BCuN6·0.1DCM (found): C 80.33 (79.78), H 4.75 (4.89), N 7.92 (8.09).  
[Cu(Tp(2Nt)2)(C2H4)] 
Same procedure as for [Cu(Tp(1Nt)2)(C2H4)] except using NaTp(2Nt)2 (423 mg, 426 
µmol), the product was extracted with an additional 50 mL dry degassed DCM 
before being evaporated to dryness. White solid. Yield 340 mg (75%). 1H NMR 
(500 MHz, C6D6) δ 8.11 (d, J = 1.6 Hz, 3H), 7.83 (dd, J = 8.3, 1.7 Hz, 3H), 7.73 – 
7.68 (m, 6H), 7.61 (t, J = 8.2 Hz, 6H), 7.48 (d, J = 8.3 Hz, 3H), 7.32 – 7.24 (m, 9H), 
7.13 (dd, J = 8.3, 1.7 Hz, 3H), 7.08 (ddd, J = 8.1, 6.8, 1.2 Hz, 3H), 6.90 (d, J = 8.1 
Hz, 3H), 6.68 (d, J = 8.3 Hz, 3H), 6.55 (s, 3H), 5.59 (s, 1H), 3.78 (s, 4H). 1H NMR 
(400 MHz, CD2Cl2) δ 8.18 (s, 3H), 7.95 (d, J = 8.4 Hz, 3H), 7.89 (dd, J = 5.9, 2.9 Hz, 
7H), 7.85 (dd, J = 8.4, 1.7 Hz, 3H), 7.66 (s, 3H), 7.56 – 7.40 (m, 13H), 7.16 (t, J = 
7.4 Hz, 3H), 6.99 (dd, J = 8.4, 1.8 Hz, 3H), 6.94 (d, J = 8.1 Hz, 3H), 6.68 (d, J = 8.7 
Hz, 6H), 5.16 (s, 1H), 3.54 (s, 4H). 13C NMR (126 MHz, C6D6) δ 153.51, 150.26, 
133.54, 133.39, 133.31, 133.20, 132.51, 130.46, 129.02, 128.43, 128.29, 128.24, 
128.18, 127.52, 127.36, 127.30, 126.98, 126.52, 126.20, 126.05, 125.95, 107.09, 
81.91. Elemental analysis (%) calculated for C71H50BCuN6·1.25DCM (found): C 
74.31 (74.46), H 4.53 (4.49), N 7.20 (7.10).  
[Cu(Tp(1Nt)2)(CO)] 
KTp(1Nt)2 (25 mg, 25 µmol) and CuI (5 mg, 26 µmol) were dissolved in 5 mL DCM 
and placed under argon in a glass-lined autoclave. The autoclave was purged 
with CO three times before being pressurized with CO to a pressure of 15 bar 
and left to stir overnight. The following day the CO was allowed to escape into 
a well-ventilated fume hood before the autoclave was purged with argon to 
remove the last of the CO. The reaction mixture was then filtered using a 0.45 
µm PTFE syringe filter. The resulting clear, slightly yellow solution was 
evaporated to dryness to afford the product as a colorless amorphous solid. 
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Yield 24 mg (91%). 1H NMR (500 MHz, CDCl3) δ 8.45 (d, J = 8.5 Hz, 3H), 8.22 (d, 
J = 8.5 Hz, 3H), 7.79 (d, J = 7.0 Hz, 3H), 7.63 (d, J = 8.2 Hz, 3H), 7.56 (dd, J = 8.2, 
2.8 Hz, 7H), 7.33 (d, J = 8.5 Hz, 3H), 7.28 (t, J = 7.5 Hz, 3H), 7.19 (d, J = 7.9 Hz, 
2H), 7.13 – 7.09 (m, 6H), 6.79 (t, J = 7.8 Hz, 3H), 6.75 (d, J = 6.9 Hz, 3H), 6.69 (s, 
3H), 5.63 (t, J = 7.7 Hz, 3H), 4.64 (bs, 1H). 13C NMR (126 MHz, CDCl3) δ 151.40, 
147.22, 134.31, 133.91, 132.73, 132.37, 132.27, 131.04, 129.51, 129.01, 128.44, 
128.35, 127.03, 126.64, 126.45, 126.40, 126.13, 125.91, 125.28, 124.28, 109.36. 
CO was not observed. Elemental analysis (%) calculated for 
C70H46BCuN6O·1.5H2O (found): C 77.49 (78.37), H 4.49 (4.98), 7.64 (7.83). IR ν 
(cm–1): 2612 (BH stretch), 2076 (CO stretch). 
[Cu(Tp(2Nt)2)(CO)] 
Same procedure as for [Cu(Tp(1Nt)2)(CO)] using NaTp(2Nt)2 (25 mg, 25.2 µmol). 
As [Cu(Tp(2Nt)2)(CO)] is not very soluble in DCM the product was extracted with 
an additional 15 mL dry, degassed DCM before being evaporated to dryness. 
White microcrystalline solid. Yield 22 mg (82%). 1H NMR (500 MHz, CDCl3) δ 
8.36 (d, J = 1.6 Hz, 3H), 8.02 (dd, J = 8.3, 1.7 Hz, 3H), 7.69 – 7.65 (m, 6H), 7.60 
(dd, J = 8.9, 4.9 Hz, 6H), 7.50 (d, J = 8.2 Hz, 3H), 7.30 (ddd, J = 8.1, 6.8, 1.2 Hz, 
3H), 7.25 – 7.20 (m, 6H), 7.11 – 7.04 (m, 6H), 6.83 (d, J = 8.0 Hz, 3H), 6.73 (d, J = 
8.3 Hz, 3H), 6.58 (s, 3H), 5.51 (bs, 1H). 13C NMR (126 MHz, C6D6) δ 153.11, 
150.54, 133.68, 133.65, 133.27, 131.77, 130.01, 129.10, 128.43, 128.42, 128.31, 
128.18, 127.50, 127.35, 127.24, 126.54, 126.43, 126.22, 126.19, 126.02, 106.36. 
CO was not observed. Elemental analysis (%) calculated for 
C70H46BCuN6O·2H2O (found): C 76.60 (76.29), H 4.59 (4.79), 7.66 (7.65). IR ν 
(cm–1): 2585 (BH stretch), 2080 (CO stretch). 
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Belderrain, P. J. Pérez, Organometallics 2010, 29, 3481-3489. 
[9] T. F. van Dijkman, M. A. Siegler, E. Bouwman, Dalton Trans. 2015, 44, 21109-
21123. 
[10] H. V. R. Dias, H. L. Lu, H. J. Kim, S. A. Polach, T. Goh, R. G. Browning, C. J. Lovely, 
Organometallics 2002, 21, 1466-1473. 
[11] J. M. MacLeod, F. Rosei, Small 2014, 10, 1038-1049. 
[12] A. E. Baum, H. Park, D. Wang, S. V. Lindeman, A. T. Fiedler, Dalton Trans. 2012, 
41, 12244-12253. 
[13] A. Mukherjee, M. Martinho, E. L. Bominaar, E. Münck, L. Que, Angewandte 
Chemie Int. Ed. 2009, 48, 1780-1783. 
[14] D. J. Harding, W. Phonsri, P. Harding, J. Sirirak, Y. Tangtirungrotechai, R. D. 
Webster, H. Adams, New J. Chem. 2015, 39, 1498-1505. 
[15] S. T. Kleespies, W. N. Oloo, A. Mukherjee, L. Que, Inorg. Chem. 2015, 54, 5053-
5064. 
[16] J. A. Schofield, W. W. Brennessel, E. Urnezius, D. Rokhsana, M. D. Boshart, D. H. 
Juers, P. L. Holland, T. E. Machonkin, Eur. J. Inorg. Chem. 2015, 2015, 4643-
4647. 
[17] S. Paria, S. Chatterjee, T. K. Paine, Inorg. Chem. 2014, 53, 2810-2821. 
[18] T. E. Machonkin, M. D. Boshart, J. A. Schofield, M. M. Rodriguez, K. Grubel, D. 
Rokhsana, W. W. Brennessel, P. L. Holland, Inorg. Chem. 2014, 53, 9837-9848. 
[19] H. Park, M. M. Bittner, J. S. Baus, S. V. Lindeman, A. T. Fiedler, Inorg. Chem. 
2012, 51, 10279-10289. 
[20] R.-M. Zhu, L. Hu, Y.-Z. Li, Y. Song, J.-L. Zuo, Inorg. Chem. Commun. 2013, 35, 79-
82. 
[21] S. M. Carrier, C. E. Ruggiero, R. P. Houser, W. B. Tolman, Inorg. Chem. 1993, 32, 
4889-4899. 
[22] H. V. R. Dias, T. Goh, Polyhedron 2004, 23, 273-282. 
[23] J. M. Muñoz-Molina, W. M. C. Sameera, E. Álvarez, F. Maseras, T. R. Belderrain, 
P. J. Pérez, Inorg. Chem. 2011, 50, 2458-2467. 
[24] J. L. Duncan, Mol. Phys. 1974, 28, 1177-1191. 
[25] J. S. Thompson, R. L. Harlow, J. F. Whitney, J. Am. Chem. Soc. 1983, 105, 3522-
3527. 
[26] A. Almenningen, O. Bastiansen, L. Fernholt, B. N. Cyvin, S. J. Cyvin, S. Samdal, J. 
Mol. Struct. 1985, 128, 59-76. 
[27] A. L. Rheingold, L. M. Liable-Sands, S. Trofimenko, Inorg. Chem. 2001, 40, 
6509-6513. 
[28] G. R. Fulmer, A. J. M. Miller, N. H. Sherden, H. E. Gottlieb, A. Nudelman, B. M. 
Stoltz, J. E. Bercaw, K. I. Goldberg, Organometallics 2010, 29, 2176-2179. 
[29] S. Imai, K. Fujisawa, T. Kobayashi, N. Shirasawa, H. Fujii, T. Yoshimura, N. 
Kitajima, Y. Moro-oka, Inorg. Chem. 1998, 37, 3066-3070. 
[30] M. I. Bruce, A. P. P. Ostazewski, J. Chem. Soc., Dalton Trans. 1973, 2433-2436. 
 
97 
[31] H. V. R. Dias, H.-J. Kim, H.-L. Lu, K. Rajeshwar, N. R. de Tacconi, A. Derecskei-
Kovacs, D. S. Marynick, Organometallics 1996, 15, 2994-3003. 
[32] H. V. R. Dias, H.-L. Lu, Inorg. Chem. 1995, 34, 5380-5382. 
[33] M. Kujime, T. Kurahashi, M. Tomura, H. Fujii, Inorg. Chem. 2007, 46, 541-551. 
[34] R. J. Abraham, M. Canton, L. Griffiths, Magn. Reson. Chem. 2001, 39, 421-431. 
[35] in Z. Kristallogr., Vol. 110, 1958, p. 372. 
[36] G. Sheldrick, Acta Cryst. A 2008, 64, 112-122. 
[37] T. Yamada, T. Nagata, K. D. Sugi, K. Yorozu, T. Ikeno, Y. Ohtsuka, D. Miyazaki, T. 








5. Highly tunable fluorinated trispyrazolylborates 
[HB(3-CF3-5-{4-RPh}pz)3]– (R = NO2, CF3, Cl, F, H, OMe and 
NMe2) and their copper(I) complexes. 
 
The ethene and carbon monoxide adducts of copper(I) with seven 
trispyrazolylborate ligands ([HB(3-CF3-5-{4-RPh}pz)3]–; R = NO2 (4a), CF3 (4b), 
Cl (4c), F (4d)¸ H (4e)¸ OMe (4f) and NMe2 (4g)) were synthesized and 
characterized. The ligands were synthesized from their corresponding pyrazoles 
and sodium tetrahydridoborate and were obtained as solvent adducts of their 
sodium salts after workup. When the pyrazole with the most electron-
withdrawing substituent (R = NO2) is used the asymmetric ligand [HB(3-CF3-5-{4-
NO2Ph}pz)2(3-{4-NO2Ph}-5-CF3pz)]– (4a’) is formed as the major product. 
Copper(I) complexes with ethene or CO as a co-ligand were prepared in good 
yields and were structurally characterized using 1H NMR, 13C NMR and infrared 
spectroscopy. Single crystal X-ray crystallography analyses revealed the 
structures of Na4a’, Na4b, four copper ethene complexes and four copper 
carbonyl complexes. The 1H and 13C NMR spectra of the copper-ethene complexes 
show signals for the ethene ligands in the range of 4.84–4.96 ppm and 84.9–86.8 
ppm respectively. The infrared spectra of the carbonyl complexes show CO 
stretching frequencies in the range of 2096–2120 cm–1. Both the NMR signals for 
the ethene ligands and infrared signals for the carbonyl ligands were found to 
show good correlations with the Hammett σp parameters of the substituents on 






This Chapter was published as a full paper: T.F. van Dijkman, M.A. Siegler, E. 




Trispyrazolylborates (commonly referred to as scorpionate ligands[1]) form a 
highly versatile class of ligands that were pioneered by Trofimenko in the 
1960’s. They have since been developed from the simple unsubstituted Tp– into 
ligands of increasing complexity and scope.[2-7] The great diversity in steric and 
electronic properties available in trispyrazolylborate ligands allows for the 
optimization of complexes for specific purposes such as catalysis and 
biomimetic structural and functional models. The properties of 
trispyrazolylborate ligands can be changed by systematic modification of the 
substituents on the pyrazolyl groups or, though much less common, on the 
central boron atom. At present a wide variety of the facially coordinating 
tridentate ligands is known with substituents ranging from alkyl groups to aryl 
groups (both aromatic like phenyl groups and heteroaromatic such as the 
thienyl group) as well as phosphanes, esters and amides.[8-13]  
Due to the structurally and electronically similar properties of the pyrazole and 
imidazole rings trispyrazolylborate ligands offer an interesting avenue towards 
the modelling of biological systems that incorporate multiple histidine residues 
coordinating facially to the metal center in the active site. A metal that is 
encountered often in such sites is copper, in enzymes and proteins such as 
hemocyanin, cytochrome-c oxidase, ceruloplasmin, superoxide dismutase, 
laccase and many others.[14] Copper offers advantages besides being 
biologically relevant; the ethene and carbonyl complexes of copper(I) offer 
relatively simple systems to characterize the steric and electronic properties of 
novel trispyrazolylborate ligands. Such complexes have a (pseudo) tetrahedral 
coordination environment in which a single copper(I) ion is facially 
coordinated by a single trispyrazolylborate ligand and one ethene or carbonyl 
ligand which allows for unambiguous characterization of the steric and 
electronic properties of the trispyrazolylborate ligand.  
Unfortunately comparison of the properties of trispyrazolylborate ligands 
typically results in their differences being ascribed to a combination of steric 
and electronic factors without detailed knowledge of the contributions of each 
factor. To facilitate the comparison of the steric and electronic factors a series 
of isosteric, purely electronically varied trispyrazolylborates would be useful. 
By keeping the steric properties of the binding pocket around the metal center 
constant and varying only the electronic properties of the trispyrazolylborate 
ligands a spectrochemical series of isosteric trispyrazolylborate ligands could 
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be created. Such a spectrochemical series of trispyrazolylborate ligands could 
be used to separately estimate the optimal electronic properties of a 
trispyrazolylborate ligand in a catalytic or biomimetic system prior to 
optimization of the steric factors.  
To create a spectrochemical trispyrazolylborate ligands series strict 
regiochemical control during ligand synthesis is required. The coordination 
environment around the metal must vary as little as possible while the 
electronic properties of the ligand are varied. In this regard trispyrazolylborate 
ligand synthesis offers a convenient handle in that the 3-positions of the 
pyrazolyl rings are typically occupied by the bulkiest substituent. Exceptions to 
this situation occur if the pyrazole also carries a particularly electron-
withdrawing substituent like a trifluoromethyl group, in which case the 
electron-withdrawing group assumes the 3-position instead. The resulting 
electron-withdrawing trispyrazolylborate ligands have a special place in 
copper(I) chemistry because they allow for the synthesis and isolation of 
otherwise thermally and oxidatively unstable copper(I) complexes with ligands 
like ethene and carbon monoxide. Examples of such ligands include [Tp(CF3)2]–, 
[Tp(CF3)3]–, [TpCF3,Ph]–, [Ttz(CF3)2]– and [TpCF3]–.[15-18] The [Cu(TpCF3,R)(C2H4)] 
complexes of these ligands are air stable as are the corresponding carbonyl 
complexes which have infrared CO stretching frequencies close to that of free 
CO indicating particularly electron-poor copper(I) centers. Both effects are 
unusual for copper(I) trispyrazolylborate complexes and can be ascribed to the 
electron-withdrawing effects of the fluorinated substituents on the pyrazole 
moieties. The trifluoromethyl groups thus tune the electronic properties of the 
ligand to a great extent while adding only a limited amount of steric bulk and a 
chemically inert binding pocket around the copper(I) center.  
With the aim of synthesizing isosteric, electronically different 
trispyrazolylborate ligands the ligand [TpCF3,Ph]– in particular is interesting 
because of its potential for chemical modification of the phenyl rings while 
retaining the structure of the binding pocket surrounding the copper(I) center. 
Delocalization in the aromatic rings allows for efficient charge transfer from 
substituents on the distal phenyl rings to the copper(I) ion while 
conformational differences between the resulting complexes are limited by the 
steric bulk of the crowded phenyl groups. Particularly substitution on the para-
position of the phenyl rings would result charge transfer without significant 
structural modification to the ligands. Even though the substituents would be 
placed relatively far away from the copper(I) ions the charges of the 
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substituents could be transferred quite effectively by resonance effects in the 
conjoined aromatic rings.  
Table 5.1. Schematic representation of the ligands and complexes described in this 
paper, including the Hammett σp values of the substituents on the para-positions of 
the phenyl groups.a 
 
R σpb ligand 
[Cu(TpCF3,4-RPh)L] 
L = C2H4 L = CO 
NO2c 0.78 4a/4a’ 5a’ 6a’ 
CF3 0.54 4b 5b 6b 
Cl 0.23 4c 5c 6c 
F 0.06 4d 5d 6d 
H 0 4e 5e 6e 
OMe –0.27 4f 5f 6f 
NMe2 –0.83 4g 5g 6g 
a The third pyrazole ring is schematically shown as [N=N]; b taken from ref. [18]; c 
the major product is an asymmetric isomer, indicated with a’, see text. 
 
In this work the effect of para-substitution on the phenyl rings of [TpCF3,Ph]– was 
examined; by judicious selection of electron-donating and withdrawing 
substituents a spectroscopic series was created (Table 5.1). Substituents were 
chosen that offer a broad range of electronic properties (based on their 
Hammett σp parameters) and are tolerant to the strongly reducing conditions 
required for the synthesis of these trispyrazolylborate ligands.[19] To study the 
upper limit of electron-withdrawing effects the particularly electron-




The ligands used in this work were synthesized from 4'-substituted 
acetophenones (1a-g) in a multistep procedure (see Scheme 5.1). The 4-
substituted acetophenones were converted into 4'-substituted 
benzoyltrifluoroacetates (2a-g) in a Claisen condensation with ethyl 
trifluoroacetate in THF or diethyl ether. Typically the use of diethyl ether gave 
higher yields and less side products but the more polar THF was sometimes 
required to keep reaction mixtures from becoming too viscous. The 4'-
substituted benzoyltrifluoroacetates were then converted into the 
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corresponding pyrazoles (3a-g) by a two-step condensation reaction with 
hydrazine hydrate which resulted in product mixtures comprising the desired 
pyrazole and (partially) hydrated intermediates which were dehydrated by 
refluxing in dilute hydrochloric acid; without the additional dehydration step 
the reaction is typically incomplete. Alternative methods were less successful; 
reflux in toluene under Dean-Stark conditions required much longer reaction 
times and vacuum thermolysis frequently led to co-sublimation of incompletely 
dehydrated products. The pyrazoles can be purified readily by means of 
vacuum sublimation to yield pure and dry products that can be used 
































Scheme 5.1. a) CF3COOEt, KOtBu/NaOEt, Et2O, rt; b) N2H4·H2O, EtOH, reflux; c) 3 N HCl, 
reflux; d) NaBH4, Ar either at 180 °C (melt reaction) or in refluxing 4-methylanisole. 
The pyrazoles were converted into the trispyrazolylborate ligands by heating 
in the presence of NaBH4 (see Scheme 5.1). A reaction temperature of 180 °C 
was used in a solvent-free reaction as reported for the synthesis of Na4e except 
in the cases of Na4a and Na4f for which 4-methylanisole was used as a 
solvent.[16] In the case of Na4f the solvent was used because the melting point 
of 3g is too high to let the reaction proceed smoothly at 180 °C and higher 
temperatures led to excessive scorching. For Na4a the solvent-free synthesis 
resulted in the formation large amounts of byproducts, whereas stepwise 
heating in 4-methylanisole facilitated the formation of the 
monopyrazolylborate and bispyrazolylborate intermediates at lower reaction 
temperatures before raising the reaction temperature to 180 °C. This was not 
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possible without the use of a solvent as the melting point of 3a is too high (171 
°C). As evident from the 1H and 13C NMR spectra of the sodium salt and the 
complexes of [4a]– the nitro-substituted ligand formed almost exclusively as the 
asymmetric species in which two of the pyrazole rings have the trifluoromethyl 
group in the 3-position and one pyrazole ring is attached “in reverse” with the 
trifluoromethyl group in the 5-position (see Scheme 5.2). This asymmetric 













Scheme 5.2. The asymmetric structure of the major fraction [4a’]– . 
All trispyrazolylborate ligands were isolated as solvent adducts of their sodium 
salts, typically incorporating solvents such as acetone, THF or diethyl ether in 
stoichiometric ratios. Instances of mixed solvent adducts were also observed 
such as in Na4d·(Et2O)0.5(acetone)0.5. Examples of similar solvent adducts in 
other fluorinated trispyrazolylborate ligands have been described.[17, 20, 21] Na4b 
formed as the water adduct even when recrystallized in the presence of suitable 
solvents or mixtures thereof. All ligand salts exchanged some solvent with 
adventitious water upon standing in air.  
The ethene and carbonyl copper(I) complexes (respectively 5a’, 5b-g and 6a’, 
6b-g, see Table 5.1) were synthesized by stirring the sodium salts of the 
trispyrazolylborate ligands Na4a’, Na4b-g and CuI in DCM in an atmosphere of 
ethene or carbon monoxide. It was found that if CuI was added to an ethene or 
carbon monoxide saturated solution of the ligand in DCM the synthesis could 
be performed with minimal further use of Schlenk techniques. Workup 
consisted of filtration to remove NaI and evaporation of the solvent in vacuo to 
yield the complexes as white powders which were recrystallized from 
DCM/pentane to yield the pure products. Most of the isolated ethene or 
carbonyl copper(I) complexes are air stable for at least six months in the solid 
state. In solution in dichloromethane 5a’, 6a’, 5g and 6g slowly turn green over 
the course of hours with associated loss of the ethene or carbonyl ligands (as 
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evident from their NMR spectra) if exposed to air. Complexes 5b-g and 6b-g 
showed good stability in general in the presence of air, light and moisture and 
could be manipulated without special precautions. The complexes 5a’and 6a’ 
were found to be less stable over time and had to be kept under argon to avoid 
decomposition. Aside from DCM the complexes were found to be slightly 
soluble in n-pentane, n-hexane and cyclohexane and to have good solubility 
benzene, toluene, THF, 1,4-dioxane, chloroform and acetonitrile. A general 
trend appears to be that the more polar complexes (those incorporating 
methoxy and dimethylamino groups) are less soluble in the more apolar 
solvents although even 5g and 6g showed some solubility in n-hexane. 
Coordinating solvents (acetonitrile, acetone and THF) caused decomposition of 
the complexes over the course of hours to days, decomposition was slowest in 
the most electron-poor complexes. 
5.2.2. X-ray crystallography 
Colorless single crystals of Na4a’, Na4b, 5b, 5c, 5d, 5f, 6b, 6c, 6d and 6f were 
obtained by slow evaporation of DCM solutions at –20 °C and were 
characterized by single crystal X-ray crystallography. Crystallographic data are 
given in Appendix V. Selected distances and bond angles are given in Table 5.2 
for the sodium salts of 4a’ and 4b, in Table 5.3 for the ethene complexes, and in 
Table 5.4 for the carbonyl complexes. Projections of the structures of Na4a’ and 
Na4b are shown in Figure 5.1 and Figure 5.2. As representative examples of the 
copper(I) complexes projections of the structures of 5b and 6b are shown in 
Figure 5.3; projections of the other structures are provided in appendix V.  
Na4a’ crystallized as a coordination polymer with bridging NO2⋅⋅⋅Na+ 
interactions (with bidentate κ2-O,O’ coordination). The sodium ions are in a 
severely distorted octahedral coordination sphere comprising three nitrogen 
atoms from the ligand 4a’, two oxygen atoms from a nitro group of an adjacent 
complex and a water molecule, which is stabilized by hydrogen bridges to the 
nearby nitro group oxygen atoms. The Na–N distances range from 2.4351(15) 
to 2.5737(15) Å, the Na–Oaqua distance is 2.25581(16) Å and the Na–O2N 
distances are 2.5291(14) and 2.8633(14) Å. The severely distorted octahedral 
coordination sphere appears to be complemented by an intramolecular Na⋅⋅⋅FC 
contact between the sodium ion and a nearby trifluoromethyl group. The upper 
limit to what may be considered as short contacts (and thus potentially dative 
bonds) between a hard donor/acceptor pair such as sodium ions and fluorine 
atoms in fluorocarbons is somewhat vague as it depends on the exact ionic and 
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covalent radii that are used. Using the ionic radius of six-coordinate Na+ ions 
reported by Shannon et al. (1.02 Å) Plenio et al. suggested an upper limit to the 
interatomic distance between Na+ ions and fluorine atoms in fluorocarbons at 
3.07 Å.[22, 23]  It was further pointed out that Na⋅⋅⋅FC contacts typically have 
shallow potential wells which means small outside forces such as those present 
in crystals because of packing can cause significant changes to the interatomic 
distance between the sodium ion and the fluorine atom. The distances observed 
for the Na⋅⋅⋅FC contacts in Na4a’ are 3.625(2) Å and 4.144(1) Å, considerably 
longer than the upper limit of 3.07 Å even when crystal packing effects are taken 
into account. The proximity of the trifluoromethyl groups is therefore not 
considered to constitute actual bonding between the sodium ion and the 
fluorine atoms but merely dipolar interactions. 
Na4b crystallized as a dimer comprising two sodium ions in distorted square-
pyramidal coordination geometries. The sodium ions are each coordinated 
facially by three nitrogen atoms of the trispyrazolylborate ligand and by two 
bridging water molecules (Oaqua). The Na–N distances range from 2.4355(12) Å 
to 2.4595(12) Å and the Na–Oaqua distances are 2.4274(12) Å and 2.4512(12) Å.  
 
Table 5.2. Selected bond distances (Å) and angles (°) for Na4a’ and Na4b. 
Bond 
distances (Å) 
Na4a’ Na4b Bond angles (°) Na4a’ Na4b 
Na1–N12 2.4731(15) 2.4595(12) O1W–Na1–O1W’  82.03(4) 
Na1–N22 2.4351(15) 2.4440(12) O1W–Na1–N12 99.18(6) 104.30(4) 
Na1–N32 2.5737(15) 2.4355(12) O1W–Na1–O231’ 86.28(6)  
Na1–O1W 2.2581(16) 2.4512(12) O1W–Na1–O232’ 67.35(5)  
Na1–O1W’  2.4274(12) O1W’–Na1–N12  100.89(4) 
N11–N12 1.3566(19) 1.3605(14) O1W’–Na1–N32  99.69(4) 
N21–N22 1.3603(18) 1.3589(15) O1W–Na1–N22 103.78(6) 104.57(4) 
N31–N32 1.3551(19) 1.3590(15) N22–Na–N32 81.30(5) 73.79(4) 
Na1···F12 3.625(2)  N12–Na–F13’  162.1(3) 
Na1···F13’  2.930(12) O231’–Na1–O231’ 46.64(4)  
Na1···F21’ 4.144(1)     
Na1···F23  3.197(4)    
Na1···F33  3.116(2)    
 
Trans to the apical position are one intermolecular and two intramolecular 
Na⋅⋅⋅FC short contacts, at distances of respectively 2.930(12), 3.197(4) and 
3.116(2) Å. With the foregoing considerations regarding Na⋅⋅⋅FC short contacts 
in mind it appears reasonable to consider both the intermolecular and 
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intramolecular Na⋅⋅⋅FC distances in the structure of Na4b as short contacts. The 
Na–Oaqua distance in the crystal structure of Na4a’ of 2.2558(16) Å is close to 
distance observed in [Na(4e)(H2O)]n (2.245(2) Å) but shorter than the distance 
seen in [Na2(TpCF3,Me)2(µ-H2O)2] (2.417(2) Å) which is closer to the Na–Oaqua 
distance observed in Na4b (2.4274(12) Å and 2.4512(12) Å).[16] The crystal 
structures of Na4a’ and [Na(4e)(H2O)]n contain non-bridging aqua ligands 
while the crystal structures of Na4b and [Na2(TpCF3,Me)2(µ-H2O)2] are dinuclear 
and contain bridging aqua ligands.  
Table 5.3. Selected bond distances (Å) and angles (°) for complexes 5b, 5c, 5d and 
5f.a 
Bond distances (Å) 
 5b 5c 5d 5f 
C=Cethene 1.357(4) 1.311(14) 1.350(3) 1.351(8) 
Cu–Cethene 2.034(2) 2.019(9) 2.0428(16) 2.054(5) 




2.0450(15) 2.094(3) 2.0255(14) 2.026(4) 
2.0369(15) 2.070(3) 2.0164(13) 2.046(4) 
2.2465(16) 2.137(4) 2.2964(13) 2.224(4) 
N11–N12 1.3626(19) 1.356(5) 1.3685(17) 1.360(5) 
N21–N22 1.3619(19) 1.355(5) 1.3648(17) 1.363(6) 
N31–N32 1.3631(19) 1.363(5) 1.3682(17) 1.358(5) 
N11–B1 1.553(2) 1.558(5) 1.553(2) 1.564(5) 
N21–B1 1.554(2) 1.561(5) 1.552(2) 1.539(6) 
N31–B1 1.545(2) 1.537(6) 1.545(2) 1.551(6) 
Bond angles (°) 
 5b 5c 5d 5f 
C-Cu-C 38.79(11) 37.7(4) 38.55(7) 38.5(2) 
Cu-C=C 71.3(2) 70.5(5) 70.83(10) 70.5(3) 
 69.9(2) 71.8(5) 70.62(10) 71.1(3) 
N12-Cu1-N22 92.55(6) 89.58(14) 90.77(5) 94.64(15) 
N22-Cu1-N32 87.03(6) 90.60(13) 90.77(5) 88.25(14) 
N12-Cu1-N32 89.81(5) 90.17(13) 85.68(5) 87.01(14) 
C1-Cu1-N12 149.26(9) 126.2(4) 115.04(7) 148.49(18) 
C1-Cu1-N22 112.92(9) 111.5(3) 147.96(7) 110.75(18) 
C1-Cu1-N32 107.70(9) 135.8(4) 108.95(7) 111.30(18) 
C2-Cu1-N12 111.18(9) 111.8(3) 151.13(6) 110.68(18) 
C2-Cu1-N22 147.41(11) 148.9(3) 111.15(6) 144.25(19) 
C2-Cu1-N32 114.02(12) 110.8(3) 111.57(7) 116.93(18) 
 
The difference in the observed bond lengths may be due to the fact that in the 
sodium ions in Na4b and [Na2(TpCF3,Me)2(µ-H2O)2] are more densely surrounded 
by fluorine atoms from nearby trifluoromethyl groups while the sodium atoms 
in Na4a’ and [Na(4e)(H2O)]n are less so resulting in greater shielding of the 
positive charges of the sodium ions and thus longer Na–Oaqua bond lengths. 
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Complexes 5b, 5c, 5d, 5f, 6b, 6c, 6d and 6f all have highly similar coordination 
environments around the copper(I) center. In every case the copper(I) center 
is coordinated by three nitrogen atoms from the trispyrazolylborate ligand and 
either the carbon atom of the carbonyl ligand or the ethene ligand in the typical 
η2 coordination. 
Table 5.4. Selected bond distances (Å) and angles (°) for complexes 6b, 6c, 6d and 
6f.a 
Bond distances (Å) 
 6b 6c 6d 6f 
C1–O11 1.124(2) 1.126(4) 1.123(8) 1.130(4) 







2.0496(15) 2.056(2) 2.062(2) 
2.0505(15) 2.057(3) 2.075(2) 
N11-N12 1.3571(19) 1.354(3) 
1.364(2) 
1.353(3) 
N21-N22 1.3623(19) 1.358(3) 1.367(3) 
N31-N32 1.3625(19) 1.360(3) 1.358(3) 
N11-B1 1.548(2) 1.553(3) 
1.553(2) 
1.560(3) 
N21-B1 1.557(2) 1.549(3) 1.554(3) 
N31-B1 1.553(2) 1.546(4) 1.554(3) 
Bond angles (°) 
 6b 6c 6d 6f 
Cu1-C1-O11 176.0(2) 177.4(3) 180.0 178.3(3) 
C1-Cu1-N12 118.66(8) 122.17(11) 125.13(5) 126.66(11) 
C1-Cu1-N22 129.95(8) 127.99(11)  121.77(12) 
C1-Cu1-N32 126.11(7) 124.75(13)  125.74(11) 
N12-Cu1-N22 90.60(6) 90.14(9) 90.19(7) 91.65(8) 
N22-Cu1-N32 88.85(6) 90.58(8)  90.23(7) 
N32-Cu1-N12 91.85(6) 90.37(8)  90.31(8) 
 
Bond lengthening or contraction in the carbonyl and ethene ligands as a result 
of π-backbonding interactions are not evident from the bond lengths observed 
in the crystal structures and are assumed to be obscured by crystal packing 
effects. The Cu–N distances in the ethene complexes (5b, 5c, 5d and 5f) range 
from 2.0164(13) to 2.2964(13) Å with in all cases two shorter bonds 
(2.0164(13) – 2.094(3) Å) and one longer bond (2.173(4) – 2.2964(13) Å); such 
asymmetry in the Cu–N bond lengths was also observed in other 
[CuI(TpR,R’)(C2H4)] complexes.[24, 25] The Cu–N bond lengths in the carbonyl 
complexes (6b, 6c, 6d and 6f) fall in the range 2.038(2) Å – 2.075(2) Å and do 
not feature the two ranges of Cu–N bond lengths observed in the ethene 
complexes. The unequal Cu–N bond lengths in the ethene complexes and the 
absence thereof in the carbonyl complexes is attributed to the symmetries of 
ethene and carbon monoxide. Ethene ligands have a two-fold symmetry while 
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the carbonyl ligands have full rotational symmetry. This means that while the 
carbonyl complexes can retain the approximate threefold axial symmetry of the 
trispyrazolylborate ligand the ethene complexes can not. The resulting pseudo-
twofold in symmetry in the ethene complexes means π-backbonding into the π* 
orbitals of the ethene ligands can not occur with equal contributions from all of 
the pyrazole rings but mostly from two of the three rings. The resulting 
discrepancy in charge transfer from the rings to the π*-orbitals of the ethene 
ligand explains the presence of two short Cu–N bonds and one long Cu–N bond 
in complexes 5b-g.  
 
Figure 5.1. Projection of part of the structure of [Na(4a’)(H2O)]n with displacement 
ellipsoids plotted at the 50% probability level at 110(2) K. For clarity major parts of the 
ligand are shown in wireframe and hydrogen atoms have been omitted. Symmetry 
operations ‘ = [⅔–x, y–½, ⅔–z], “ = [⅔–x, y+½, ⅔–z]. 
The compounds 6b, 6c and 6f crystallized with pseudo-threefold rotational 
symmetry with Cu–C–O angles ranging from 176.0(2) to 178.3(3)°. Complex 6d 
crystallized with proper threefold rotational symmetry. The elongated thermal 
ellipsoid for the oxygen atom of the carbonyl ligand suggests that this ligand is 
most likely disordered as the C≡O bond may not be perfectly aligned along the 
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threefold axis. The deviation from rotational symmetry in 6b, 6c and 6f is small 
and likely the result of crystal packing effects.  
 
Figure 5.2. Projection of the structure of [Na2(4b)2(µ-H2O)2] with displacement 
ellipsoids plotted at the 50% probability level at 150(2) K. For clarity major parts of the 
ligand are shown in wireframe and hydrogen atoms have been omitted. Symmetry 
operation ‘ = [-x, 1-y, -z]. 
 
Figure 5.3. Projections of the structures of 5b (left) and 6b (right) with displacement 
ellipsoids plotted at the 50% probability level at 110(2) K. For clarity hydrogen atoms 
have been omitted. Projections of the structures of the other ethene and carbonyl 
complexes are available in the appendix.  
5.2.3. NMR spectroscopy 
The 1H and 13C NMR spectra of compounds 5a’, 5b-g and 6a’, 6b-g were 
recorded in deuterated DCM as it was found to be the only solvent in which the 
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ethene complexes are air-stable over longer periods of time (more than 30 
minutes). CDCl3, acetone-d6, THF-d8, benzene-d6 and DMSO-d6 all caused 
solutions of the copper ethene compounds to turn green after some time. The 
coordinating solvents DMSO-d6, acetone-d6, THF-d8 and benzene-d6 (a π-donor 
solvent) all appeared to be competing with the ethene ligands as peaks for free 
ethene grow over time on 1H NMR. The complexes with the less Lewis basic 
trispyrazolylborate ligands are more stable in solution. Complexes 5b-g gave 
very similar spectra with no evidence of anisotropy in the signal for the ethene 
ligand at room temperature. Considering the symmetry mismatch between the 
ethene ligand (with twofold symmetry) and the trispyrazolylborate ligands 
(with approximate threefold symmetry) and the asymmetry observed in the 
crystal structures of complexes 5b-g splitting of the ethene peaks or at least 
some peak broadening could be expected. The absence of such effects appears 
to indicate fluxional behavior of the ethene ligand within the NMR timescale.  
 
Table 5.5. Selected 1H and 13C chemical shifts and bond lengths for the compounds 5a-g and 6a-g, L = 
C2H4 or CO 
 




C=C (Å) C≡O (Å) ref. 
13C 1H 
Free C2H4/CO 123.2 5.40 2143  1.3384(10) 1.13078(9) [26, 27] 






2105 2611   * 
[Cu(4b)L] 86.8 4.96 2120 2620 1.342(3) 1.124(2) * 
[Cu(4c)L] 86.4 4.91 2113 2616 1.340(9) 1.126(4) * 
[Cu(TpCF3,Me)L]   2107 2575  1.122(3) [29] 
[Cu(4d)L] 86.1 4.91 2103 2616 1.350(3) 1.123(8) * 
[Cu(TpCF3,Ph)L] 85.8 4.91 2101 2639 1.30(1) 1.113(5) *, [16] 
[Cu(TpCF3)L] 85.8c 4.89c 2100 2507 1.34(1) 1.126(5) [18],[20] 
[Tp(4f)CuL] 85.6 4.81 2096 2636 1.351(8) 1.130(4) * 
[Cu(4g)L] 84.9 4.84 2096 2647   * 
[Cu(TpMe2)L]  4.41 2066 2500 1.329(9)  [30, 31] 
[Cu(TpPh2)L] 81.6b 3.53 2080 2635 1.381(19) 1.08(1) [8],[32] 
a DCM-d2 b CDCl3 c C6D6 d asymmetric isomer e symmetric isomer f as observed in the Cu(I) CO complexes, 
* this work 
 
In the NMR spectra of 5b-g the ethene ligands were detected as sharp singlets 
with chemical shifts between 4.81 and 4.96 ppm which are upfield from the 
chemical shift of free ethene (5.40 ppm in DCM-d2) but not as far upfield as the 
signals observed in complexes of non-fluorinated trispyrazolylborate ligands 
like [Cu(TpMe2)(C2H4)] (4.41 ppm in DCM-d2).[30] The ethene protons of 5a’ 
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showed as a singlet at 4.44 ppm which was assigned to the asymmetric isomer; 
a small singlet at 4.99 ppm in the same spectrum was tentatively assigned to 
the ethene protons of complex 5a incorporating the symmetric isomer [4a]–. 
The ratio of the integrals of the ethene protons of the symmetric 5a vs. the 
asymmetric species 5a’ was approximately 1:20. In all ethene complexes peak 
broadening in the presence of free ethene was not observed, indicating that the 
exchange of coordinated ethene, if at all, does not occur within the NMR time 
scale. Solutions of all ethene complexes in DCM-d2 show no peak for free ethene 
even upon prolonged standing. The 1H NMR signals for the borohydrides were 
observed in the sodium compounds Na4a-g as well as the carbonyl and ethene 
complexes as broadened singlets with chemical shifts in the range 4.3–4.9 ppm. 
In principal the resonances of the borohydrides should be present as 
overlapping quartets and smaller septets as a result of splitting by 10B (I = 3) 
and 11B (I = 3/2). Typically, however, these resonances are observed as 
(broadened) quartets only in relatively symmetric environments. In less 
symmetric environments the quadrupoles of the boron nuclei are more 
pronounced and the borohydride resonances broaden to broad singlets without 
distinguishable splitting as is the case in this work.[33] 
 
Figure 5.4. 1H chemical shifts (squares, left axis, unbroken trend line. 5a’ was not 
included in the trend line) and 13C chemical shifts (triangles, right axis, dotted trend 
line) of the ethene ligands vs. the Hammett σp parameters of the substituents on the 
trispyrazolylborate ligands in complexes 5a-g and 5a’. 
In the 13C NMR spectra of complexes 6a’,6a-g no signals were observed for the 


































signals for CO to the low natural abundance of 13CO and peak broadening.[34, 35] 
The shifts of the resonances trispyrazolylborate ligands show only small 
differences between the ethene and the carbonyl complexes. For complexes 5b-
g the change in the 1H NMR and 13C NMR shifts of the ethene protons and carbon 
atoms respectively is linearly correlated with the σp values of the para-
substituents on the phenyl groups (R2 = 96% for 1H and R2 = 97% for 13C; see 
Figure 5.4).  
5.2.4. Infrared spectroscopy 
The IR spectra of complexes 5a’, 5b-g and 6a’, 6b-g were recorded in the solid 
state at 1 cm–1 resolution. Complexes 6a’, 6b-g have CO stretching frequencies 
in the range 2096 – 2120 cm–1, close to that of free CO (2143 cm–1). This 
indicates that the compounds have relatively electron poor copper(I) ions 
compared to other, similar, copper(I) carbonyl complexes like [Cu(TpMe2)(CO)] 
(2066 cm–1) and [Cu(TpPh2)(CO)] (2080 cm–1, see Table 5.5 for more examples). 
The CO stretching frequencies correlate linearly (R2 = 95%) with the σp values 
of the substituents on the phenyl rings for compounds, with the exception of 6a’ 
and 6g (see Figure 5.5). For complex 6a’ this is likely because the structure of 
[4a’]– is asymmetric and thus poorly comparable to the other ligands in the 
series, in analogy with the ethene resonances in the NMR spectra of compound 
5a’. The CO stretching frequency observed in complex 6g is significantly higher 
than the value predicted based on the trend line in Figure 5.5 (approximately 
2076 cm–1) for which no obvious explanation is available. Possibly unusual 
crystal packing effects cause the CO stretching frequency to be different than 
predicted, but as all attempts to grow crystals failed this hypothesis remains 
untested. Unfortunately infrared measurements on a sample of 6g in DCM were 
inconclusive as no clear signal was observed at the predicted frequency of 2076 
cm–1 until evaporation caused solid 6g to precipitate. CO stretching typically 
shows itself in infrared spectroscopy as sharp absorptions due to the symmetry 
of the vibration. One possible explanation for the absence of an obvious CO 
stretching peak in solution is a lowering of the symmetry of the bonding 
environment surrounding the carbonyl ligand. Such lowering of local symmetry 
could be the result of out-of-axis vibrations of the carbonyl ligand, such motions 
would be somewhat similar to motion of the ethene ligands in the NMR 
experiments and presumably have similarly low barriers. We surmise that 
libration of the carbonyl ligand with respect to the copper ion is considerably 
more pronounced in solution compared to the solid state and that peak 
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broadening resulting from such libration causes the weak signal to be drowned 
out by noise. 
 
Figure 5.5. Infrared CO stretching frequencies (left axis, squares, unbroken trend line) 
and BH stretching frequencies (right axis, triangles, dotted trend line) of complexes 6a’, 
6b-g vs. the Hammett σp parameters of the substituents on the trispyrazolylborate 
ligands. The red linear trend line was calculated including all points except 6a’ and 6g 
(R2 = 0.95). The blue linear trend line included all complexes 6a’, 6b-g (R2 = 0.74). 
The B–H moieties of the trispyrazolylborate ligands feature stretching 
frequencies that are typically found as small, broad peaks around 2600 cm–1 
(see Table 5.5 and Figure 5.5) in electron rich trispyrazolylborate complexes. In 
order to compare the B–H stretching frequencies of ligands 4a-g the carbonyl 
complexes 6a’ and 6b-g and other, structurally similar, carbonyl complexes 
were compared. The pseudo-threefold axial symmetries observed in such 
carbonyl complexes mean the comparison is least likely to be distorted by local 
asymmetry. The B–H stretching frequencies of complexes 6a’ and 6b-g were 
observed in the region 2611 – 2647 cm–1. The B–H stretching frequencies show 
considerably less linearity vs. the σp parameters of the substituents of the 
trispyrazolylborate ligands 4a’ and 4b-g (R2 = 0.74) than the CO stretching 
frequencies. Intriguingly compared to the unexpectedly high CO stretching 
frequency the B–H stretching frequencies of 6a’ and 6g appear almost exactly 
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have the highest B–H stretching frequencies as donation of electron density 
towards the borohydride increase the strength of the hydridic bond. 
5.3. Discussion 
In this work seven new fluorinated trispyrazolylborate ligands ([TpCF3,4-RPh]–, R 
= NO2, CF3, Cl, F, H, MeO and NMe2) and their copper(I) complexes with carbon 
monoxide and ethene were prepared. The ligands form an isosteric 
spectrochemical series based on the electronic properties of the substituents 
placed on the 4-position of the phenyl rings. The pyrazoles 3a-g were readily 
prepared from ethyl trifluoroacetate and 4’-substituted acetophenones using a 
Claisen condensation, followed by condensation with hydrazine. The synthesis 
of the trispyrazolylborate ligands requires fine-tuning of the conditions 
depending on the specific pyrazole using solventless reactions whenever 
possible; 4-methylanisole was used as a solvent if temperature control was 
required or the melting point of the pyrazole was too high. To the best of our 
knowledge [4a’]– is only the second example in the literature of a 
trispyrazolylborate ligand to include the synthetically challenging nitro group, 
the first being [TpNO2]–.[36]  
The trispyrazolylborate ligands studied in this work all formed as their 
symmetric isomers with the trifluoromethyl groups in the 3-positions of the 
pyrazole rings, except [4a’]– which formed as a mixture of symmetric and 
asymmetric species. The major product was the asymmetric species in which 
one of the pyrazole rings is connected to the boron center with the nitrogen 
atom adjacent to the phenyl ring. The regioselectivity usually observed in the 
synthesis of trispyrazolylborate ligands is a result of the relative steric and 
electronic properties of the substituents on the 3 and 5 positions of the 
pyrazole, which influence the nucleophilicity of the nitrogen atoms. Typically 
the bulkiest substituent assumes the 3 positions of the pyrazole rings in the 
trispyrazolylborate anion. However, if one of the substituents is considerably 
more electron-withdrawing than the other it will assume the 3 position even if 
the other substituent is bulkier. This regioselectivity is pronounced in ligands 
with clearly sterically or electronically differentiated substituents like [TpPh,Me]–
, [TpCF3,Me]– and [TpCF3]– but breaks down when the steric and electronic 
differences are small such as in [TpiPr,Me]– which formed a 4:1 mixture of 
symmetric and the asymmetric isomers.[37] Evidently the strongly electron-
withdrawing nitro group in [4a’]– causes the electronic disparity between the 
trifluoromethyl groups and phenyl rings to diminish sufficiently to shift the 
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thermodynamic equilibrium of the system so that the asymmetric isomer is 
favored over the symmetric isomer. The absence of the formation of 
asymmetric isomers in the other ligands in the series puts an upper limit on the 
σp parameter of the substituents that can be used to synthesize symmetric 
[TpCF3,4R-Ph]– ligands between +0.54 (CF3) and +0.78 (NO2).  
The good correlation between the chemical shifts of the ethene protons in 
complexes 5b-g vs. σp of the substituents on the phenyl rings of the ligands was 
used to predict the chemical shift of the ethene protons of the symmetric 
complex 5a. Based on the trend line in Figure 5.4 and the σp parameter of the 
nitro group the signal for the symmetric complex 5a was predicted to be around 
4.98 ppm and indeed a weak singlet was found at 4.99 ppm. Comparison of the 
integrals of the ethene protons in the symmetric and asymmetric complexes 
gave an approximate 1:20 ratio. Unfortunately attempts to locate the infrared 
CO stretching frequency of the symmetric isomer of 6a using the σp parameter 
of the nitro group and the trend line in Figure 5.5 were unsuccessful as the 
predicted CO stretching frequency for the symmetric isomer 6a at 2128 cm–1 
would be obscured by the much stronger absorption at 2105 cm–1 of the 
asymmetric isomer 6a’.  
More difficult to explain is the unexpectedly high CO stretching frequency 
observed for 6g, which was predicted to be at 2076 cm–1 but instead was found 
at 2096 cm–1, the same value as found for 6f. It appears implausible that the CO 
stretching frequencies of 6f and 6g are equal as an effect of equal amounts of π-
backbonding interactions as the 1H and 13C chemical shifts of the ethene ligands 
in 5f and 5g almost exactly conform to the predicted values. Unfortunately the 
higher than expected CO stretching frequency of 6g cannot be conclusively 
explained by crystal packing effects as infrared spectroscopy on 6g in solution 
was inconclusive and all attempts at crystallization failed.  
With the exceptions of 6a and 6g the predictability of the chemical shifts of the 
ethene protons in the ethene complexes and CO stretching frequencies in the 
carbonyl complexes with respect to the σp parameters of the substituents of the 
phenyl rings in the trispyrazolylborate ligands is excellent. The ability of the 
ligands to propagate the electron-donating or withdrawing effects of the 
substituents on the phenyl rings over as many as eight bonds and almost one 
nanometer, is surprising. The explanation for the long range of these effects is 
found in the ability of the ligands to propagate charges by means of resonance 
effects. Further underscoring the importance of resonance effects is the 
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observation that the B–H stretching frequencies observed in the carbonyl 
complexes 6a’ and 6b-g are much less predictable than the CO stretching 
frequencies because the nitrogen atom adjacent to the borohydride does not 
contribute to the resonance effects. We conclude that indeed the π-backbonding 
ability of the copper(I) centers can be modified extensively through 
substitution of the trispyrazolylborate ligands without significantly affecting 
the steric properties of the binding pocket surrounding the metal center.  
5.4. Conclusions 
In this work the synthesis and characterization of copper(I) complexes 
comprising a spectrochemical series of trispyrazolylborate ligands and ethene 
or carbon monoxide have been described. The ethene and carbonyl complexes 
described in this work are essentially isostructural around their copper(I) 
centers while their electronic properties vary significantly and predictably 
based on the Hammett σp parameters of the substituents placed on the 
trispyrazolylborate ligands. The spectroscopic data reveal good correlations 
between the chemical shifts of the ethene protons and CO stretching 
frequencies vs. the Hammett σp parameters. Notable exceptions to the, 
otherwise predictable, compounds in this work were the ligand [4a’]– and the 
carbonyl complex 6g. The ligand [4a’]– formed almost exclusively as an 
asymmetric isomer with one of the pyrazole rings counter-rotated so as to have 
its 4’-nitrophenyl substituent in the 3-position instead of the trifluoromethyl 
group. We attribute the asymmetry of [4a’]– to the strongly electron-
withdrawing properties of the nitro group. Copper complex 6g shows a 
surprisingly high CO stretching frequency. That this aberrant result is not due 
to trend-breaking properties of the ligand is evident from the good correlation 
between the predicted and found values in the corresponding ethene complex 
5g. The results presented in this work underscore the usefulness of combining 
the use of more than a single ancillary ligand probe with the systematic study 
of this promising and important class of ligands.  
5.5. Experimental 
5.5.1. General information 
All manipulations of air-sensitive compounds were performed in an 
atmosphere of purified argon gas using standard Schlenk techniques. All 
solvents were purchased from commercial sources and reagent grade. Solvents 
used for air-sensitive manipulations were dried and deaerated using a PureSolv 
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MD 5 Solvent Purification System and stored on 3 Å molecular sieves under 
argon. When appropriate, glassware was flame dried in vacuo immediately 
prior to use. 1H and 13C NMR spectra were recorded on a Bruker DPX300 
spectrometer (300 MHz for 1H and 75.44 MHz for 13C); Bruker DMX400 
spectrometer (400 MHz for 1H and 100.6 MHz for 13C); Bruker Avance AV500 
spectrometer (500 MHz for 1H, 160 MHz for 11B and 126 MHz for 13C) or Bruker 
Avance 600 (600 MHz for 1H, 193 MHz for 11B and 151 MHz for 13C). Chemical 
shifts are given in ppm and referenced using the deuterated solvents as internal 
references for 1H and 13C.[38] 13C spectra were recorded using 1H-decoupling. 
Elemental analyses were performed using a Perkin Elmer 2400 series II 
CHNS/O analyzer or by the Microanalytical laboratory Kolbe in Germany. IR 
spectra were recorded on a Perkin Elmer UATR Two FT-IR spectrometer set to 
a resolution of 1 cm–1. HRMS spectra were recorded on a Thermo Scientific LTQ 
Orbitrap XL high resolution FT-MS system in MeCN. Intermediates 2a, 2b, 2c 
and 2f were synthesized according to a literature procedure using KOt-Bu in 
THF instead of sodium in methanol.[39] 2c was purified by conversion to the 
copper(II) diketonate instead of column chromatography as described below. 
5.5.2. Single Crystal X-ray Crystallography 
All reflection intensities were measured at 110(2) K or 150(2) K (only for Na4a’ 
and Na4b) using a SuperNova diffractometer (equipped with Atlas detector) 
with Cu Kα radiation (λ = 1.54178 Å) under the program CrysAlisPro (Versions 
1.171.36.32/ 1.171.37.31 Agilent Technologies, 2013/2014). The same 
program CrysAlisPro was used to refine the cell dimensions and for data 
reduction. All structures were solved with the program SHELXS-2013/2014 
(Sheldrick, 2008) and were refined on F2 with SHELXL-2013/2014.[40] 
Analytical numeric absorption corrections based on a multifaceted crystal 
model were applied using CrysAlisPro. The temperature of the data collection 
was controlled using the system Cryojet (manufactured by Oxford 
Instruments). The H atoms were placed at calculated positions (unless 
otherwise specified) using the instructions AFIX 43 with isotropic displacement 
parameters having values 1.2 times Ueq of the attached C atoms. The H atoms 
attached to C1/C2, C3/C4 (ethene), and to B1 and B2 were found from 
difference Fourier maps, and their atomic coordinates were refined freely. The 
H atoms attached to the water molecules (only for Na4a’ and Na4b) and to the 
B atoms were found from difference Fourier maps, and their coordinates were 
refined freely using the DFIX instructions. For 5b, 5c, 5d and 5f, the C–H and 
H⋅⋅⋅H distances of the ethene molecules were restrained using the DFIX 
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instructions. Their isotropic temperature factors were fixed for the ethene 
molecules (1.2 times Ueq of the attached C atoms).  
Na4a’.  
The structure is ordered. 
Na4b.  
The structure is partly disordered. The six −CF3 groups are found disordered 
over two or three orientations. All occupancies factors can be retrieved from 
the cif file. When crystals of Na4b were flashed cooled from RT to 110 K, the 
crystal shattered (most likely due to a solid-solid phase transition), resulting to 
poor quality diffraction. When crystals were cooled from RT to 150 K, the 
crystals remained stable. 
[Cu(4b)(C2H4)], (5b).  
The structure is mostly ordered. The asymmetric unit contains two 
crystallographically independent molecules. One of the two 
crystallographically independent ethene molecules is found to be disordered 
over two orientations, and the occupancy factor of the major component of the 
disorder refines to 0.849(5). As the H atoms of the minor component could not 
be retrieved via difference Fourier map, the H atoms of the major component 
were constrained to have full occupancies.  
[Cu(4c)(C2H4)], (5c).  
The structure is mostly ordered. The asymmetric unit contains two 
crystallographically independent molecules. One of the two 
crystallographically independent ethene molecules is found to be disordered 
over two orientations, and the occupancy factor of the major component of the 
disorder refines to 0.502(7). The crystal is racemically twinned, and the BASF 
scale factor refines to 0.510(14). 
[Cu(4d)(C2H4)], (5d).  
The structure is ordered.  
[Cu(4f)(C2H4)], (5f).  
The structure is mostly ordered. The asymmetric unit contains two 
crystallographically independent molecules. One of the two 
crystallographically independent ethene molecules is found to be disordered 
over two orientations, and the occupancy factor of the major component of the 
disorder refines to 0.56(3). The positions of the H atoms for the disordered 
ethene molecule are most likely smeared out, and cannot be retrieved reliably 
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from the data collected. The crystal is racemically twinned, and the BASF scale 
factor refines to 0.43(3). The riding model AFIX 93 could not be used as this will 
put the H atoms along the plane defined by Cu2, C3 and C4, which is chemically 
impossible (the H atoms must be approximately located in the plane 
perpendicular to the plane defined by Cu2, C3 and C4).  
[Cu(4b)CO], (6b).  
The structure is mostly ordered. One –CF3 group is disordered over two 
orientations. The occupancy factor of the major component of the disorder 
refines to 0.742(15). 
[Cu(4c)CO], (6c).  
The structure is ordered. The structure was pseudo-merohedrally twinned. The 
twin relationship is defined by (1 0 1 / 0 –1 0 / 0 0 –1), which corresponds to a 
twofold axis along a*. The BASF scale factor refines to 0.3341(9). 
[Cu(4d)CO], (6d).  
The structure is ordered. The Cu complex is found at sites of threefold axial 
symmetry, and only one third of the complex is crystallographically 
independent. The absolute configuration was established by anomalous-
dispersion effects in diffraction measurements on the crystal. The Flack and 
Hooft parameters refine to –0.009(6) and –0.010(6), respectively. 
[Cu(4f)CO], (6f).  
The structure is mostly ordered. One –CF3 group is disordered over two 
orientations. The occupancy factor of the major component of the disorder 
refines to 0.879(14). The crystal that was mounted on the diffractometer was 
non-merohedrally twinned. The twin relationship corresponds to a twofold axis 
around 0.9995a* + 0.0115b* + 0.0288c*. The BASF scale factor refines to 
0.5073(14). 
5.5.3. Ligand and complex synthesis 
5-(4-Nitrophenyl)-3-(trifluoromethyl)-1H-pyrazole (3a) 
2a (19.6 g, 75 mmol) was suspended in 250 mL EtOH and the suspension was 
cooled to 0 °C using an ice bath. Hydrazine hydrate (3.9 mL, 80 mmol) was 
added dropwise with vigorous stirring. After stirring at 0 °C for 10 minutes the 
ice bath was removed and the reaction was stirred at room temperature for 
approx. 30 minutes, the reaction was then heated to reflux for approx. 17 hours. 
The EtOH was then evaporated in vacuo to a volume of approx. 100 mL. The 
solution was cooled in an ice bath to 0 °C and 20 mL 37% HCl was added 
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dropwise with vigorous stirring. The solution was left to stir for 1 hour and then 
poured into 600 mL cold water, the resulting suspension was filtered and the 
residue was washed on the filter with 1 L water. The solids were dried in vacuo 
and then purified by vacuum sublimation (215 °C, 10–4 atm) to yield the product 
as yellow needles. Yield 14.0 g (73%). m.p. darkened around 150 °C, melted 
169-171 °C. 1H NMR (400 MHz, acetone-d6) δ 13.53 (s, 1H), 8.35 (d, J = 8.6 Hz, 
2H), 8.12 (d, J = 8.6 Hz, 2H), 7.31 (s, 1H). 13C NMR (75 MHz, acetone-d6) δ 148.71, 
144.53 (q, J = 37.6 Hz), 143.30, 135.14, 127.47, 125.27, 122.56 (q, J = 267.7 Hz), 
103.70. 
3-(Trifluoromethyl)-5-[4-(trifluoromethyl)phenyl]-1H-pyrazole (3b) 
2b (13.3 g, 56 mmol) was dissolved in 26 mL EtOH and 2.2 mL 37% HCl and the 
solution was cooled to 0 °C with an ice bath. Hydrazine hydrate (1.35 mL, 27.9 
mmol) was then slowly added. When the addition was complete the ice bath 
was removed and the reaction was allowed to stir at room temperature for 20 
minutes, it was then heated to reflux for approximately 20 hours. The solvent 
was removed in vacuo and the resulting solids were purified by vacuum 
sublimation (140 °C, 10–4 atm) to yield the product as a white solid. Yield 5.73 
g (77%). m.p. 143-145 °C. 1H NMR (300 MHz, DMSO-d6) δ 13.58 (s, 1H), 7.82 – 
7.55 (m, 4H), 6.74 (s, 1H). 13C NMR (100 MHz, acetone-d6) δ 149.24 , 143.44 (q, 
J = 38.1 Hz), 134.36, 131.37 (q, J = 34.6), 130.48 , 125.12, 124.07 (q, J = 272.5 
Hz), 121.36 (q, J = 269.3 Hz), 106.38 (q, J = 2.3 Hz), 86.82. 
5-(4-Chlorophenyl)-3-(trifluoromethyl)-1H-pyrazole (3c) 
In a flame-dried 500 mL round bottom flask (kept under argon) potassium tert-
butoxide (13.5 g, 120 mmol) was suspended in 125 mL dry Et2O under a dry 
atmosphere. The suspension was cooled to 0 °C on an ice bath and ethyl 
trifluoroacetate (14.2 mL, 119 mmol) was then added dropwise. 
4’-Chloroacetophenone (13 mL, 100 mmol) in 125 mL dry Et2O was then slowly 
dropped into the first suspension with vigorous stirring. The ice bath was 
removed and the reaction was stirred at room temperature for 30 minutes, the 
reaction was then warmed to 50 °C and stirred overnight. The mixture was 
added to 250 mL 0.5 M HCl and separated. The aqueous fraction was extracted 
twice with Et2O (2 × 125 mL). The combined organic fraction was then washed 
with water (1 × 200 mL) and brine (1 × 200 mL) and dried over Na2SO4. The 
solvent was removed in vacuo to yield 2c as a yellow solid. Yield 23.4 g (93%).1H 
NMR (400 MHz, CDCl3) δ 14.57 (s, 1H, enol-OH), 7.87 (d, J = 8.8 Hz, 2H), 7.47 (d, 
J = 8.8 Hz, 2H), 6.53 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 185.00 , 177.42 (q, J = 
36.6 Hz), 140.75, 131.39 , 129.50, 129.02, 117.22 (q, J = 283.5 Hz), 92.39 (q, J = 
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2.1 Hz). 2c (23.0 g, 93.4 mmol) was dissolved in 100 mL n-PrOH and hydrazine 
hydrate (5.0 mL, 103 mmol) was added dropwise. The reaction was heated to 
reflux for 2 hours. The reaction was then cooled to 0 °C in an ice bath. 10.5 mL 
37% HCl was added after which the ice bath was removed and the reaction was 
heated to 100 °C for 30 minutes. The reaction was cooled down to room 
temperature and the mixture was diluted with 600 mL cold water. The product 
was collected by filtration and washed with water (approx. 1 L). The product 
was dried in vacuo and purified by vacuum sublimation (160 °C, 10–4 atm) to 
yield the product as a white solid. Yield 20.4 g (88%). m.p. 151-153 °C. 1H NMR 
(300 MHz, CDCl3) δ 13.09 (s, 1H), 7.46 (d, J = 8.6 Hz, 2H), 7.38 (d, J = 8.5 Hz, 2H), 
6.64 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 144.55 , 143.45 (q, J = 37.2 Hz), 135.62 
, 129.59 , 126.87 , 126.26 , 120.97 (q, J = 268.9 Hz), 101.23 (q, J = 1.6 Hz). 
5-(4-Fluorophenyl)-3-(trifluoromethyl)-1H-pyrazole (3d) 
2c (13.25g, 56.6 mmol) was dissolved in 100 mL EtOH and cooled in an ice bath 
to 0 °C. Hydrazine hydrate (3.25 mL, 67 mmol) was added dropwise. When the 
addition was complete the ice bath was removed and the reaction was stirred 
at room temperature for 1 hour and then heated to reflux overnight. The solvent 
was removed in vacuo to approx. 25 mL. The solution was cooled to 0 °C in an 
ice bath and slowly 20 mL 37% HCl was added. The ice bath was removed and 
the reaction was heated to reflux for 1 hour after which the reaction mixture 
was poured into 150 mL cold water. The product was filtered off, dried in vacuo 
and purified by vacuum sublimation (100 °C, 10–4 atm) to yield the product as 
an off-white solid. Yield 10.95 g (85%). m.p. 115-118 °C. 1H NMR (300 MHz, 
CDCl3) δ 11.32 (s, 1H), 7.53 (dd, J = 8.8, 5.1 Hz, 2H), 7.13 (t, J = 8.6 Hz, 2H), 6.67 
(s, 1H). 13C NMR (100 MHz, aceton-d6) δ 163.45 (d, J = 250.1 Hz), 144.64, 143.53 
(q, J = 38.6 Hz), 127.65 (d, J = 8.4 Hz), 124.18 , 121.05 (q, J = 268.7 Hz), 116.51 
(d, J = 22.1 Hz), 101.01 (q, J = 1.8 Hz). 
5-(4-Methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole (3f) 
2f (22.0 g, 89.3 mmol) was dissolved in 250 mL EtOH and cooled to 0 °C in an 
ice bath. Hydrazine hydrate (5.0 mL, 103 mmol) was added dropwise with 
vigorous stirring. The reaction was stirred at 0 °C for 30 minutes and then 
heated to reflux overnight. The EtOH was removed in vacuo to a volume of 
approx. 100 mL and the solution was cooled to 0 °C in an ice bath. 10 mL 37% 
HCl was slowly added and the reaction was heated to reflux for 1 hour after 
which the mixture was poured into 500 mL cold water. The product was 
collected by filtration and was recrystallized from EtOH/water at –20 °C to yield 
transparent needles. Yield 19.66 g (91%). m.p. 134-136 °C. 1H NMR (400 MHz, 
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CDCl3) δ 11.55 (s, 1H), 7.49 (d, J = 8.7 Hz, 2H), 6.95 (d, J = 8.7 Hz, 2H), 6.63 (s, 
1H), 3.85 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 160.50, 145.04, 143.62 (q, J = 38.4 
Hz), 127.20, 121.36 (q, J = 268.9 Hz), 120.83, 114.71, 100.36 (q, J = 2.0 Hz), 
55.50. 
N,N-Dimethyl-4-[3-(trifluoromethyl)-1H-pyrazol-5-yl]aniline (3g) 
In a flame-dried 250 mL round bottom flask (kept under argon) potassium tert-
butoxide (8.5 g, 75.8 mmol) was suspended in 70 mL dry Et2O. The suspension 
was cooled to 0 °C on an ice bath and ethyl trifluoroacetate (9.0 mL, 75.6 mmol) 
was slowly added. 4-Acetyl-N,N-dimethylaniline (8.16 g, 50 mmol) was then 
added in small scoops with vigorous stirring resulting in a clear solution after 
the last scoop was added. When the addition was complete the reaction was 
stirred at 0 °C for 45 minutes, the ice bath was then removed and the reaction 
was allowed to warm to room temperature and stirred until TLC (silica, 5% 
MeOH in DCM) showed complete consumption of the starting material (approx. 
90 minutes). The reaction mixture was then diluted with 30 mL Et2O and 100 
mL 1 M HCl and the layers were separated. The aqueous layer was extracted 
with Et2O (1 × 50 mL, 2 × 25 mL) and the combined organic layers were washed 
with water (2 × 25 mL) and brine (1 × 25 mL). The organic fraction was then 
dried over Na2SO4 and evaporated to dryness in vacuo resulting in a red oil that 
crystallized upon standing to yield 2g as red needles. Yield 12.7 g (98%). 1H 
NMR (400 MHz, CDCl3) δ 15.27 (s, 1H, enol-OH), 7.86 (d, J = 9.1 Hz, 2H), 6.71 (d, 
J = 9.1 Hz, 2H), 6.43 (s, 1H), 3.11 (s, 6H). 13C NMR (75 MHz, acetone-d6) δ 187.41, 
174.47 (q, J = 35.1 Hz), 155.7 , 131.24, 119.50, 118.84 (q, J = 281.8 Hz), 112.12, 
91.15 (q, J = 2.3 Hz), 40.08.  
2g (12.7 g, 50 mmol) was dissolved in 125 mL EtOH and cooled to 0 °C in an ice 
bath. Hydrazine hydrate (2.7 mL, 56 mmol) was added dropwise, when the 
addition was complete the ice bath was removed and the reaction was stirred 
at room temperature for 30 minutes before the reaction was heated to reflux 
for approx. 17 hours. The solvent was evaporated in vacuo and 100 mL 3 M HCl 
was added. The solution was heated to reflux for 5 minutes, cooled to room 
temperature and diluted with 500 mL aqueous saturated NaHCO3 solution and 
100 mL DCM. The layers were separated and the aqueous fraction was 
extracted with DCM (2 × 50 mL). The combined organic fractions were washed 
with water (2 × 100 mL) and brine (1 × 100 mL) and dried over Na2SO4. The 
solvent was removed in vacuo and the product was recrystallized from hot 
MeOH/water to yield a white solid. Yield (10.2 g, 80%). m.p. 179-181 °C. 1H 
NMR (300 MHz, DMSO) δ 12.03 (s, 1H), 7.45 (d, J = 8.9 Hz, 2H), 6.73 (d, J = 8.9 
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Hz, 2H), 6.62 (s, 1H), 3.00 (s, 6H). 1H NMR (300 MHz, acetone-d6) δ 12.86 (s, 1H), 
7.66 (d, J = 9.1 Hz, 2H), 6.85 – 6.78 (m, 3H), 3.00 (d, J = 1.6 Hz, 6H). 13C NMR (75 
MHz, CDCl3) δ 151.07, 145.70, 143.79 (q, J = 35.7 Hz), 126.79, 121.54 (q, J = 
268.9 Hz), 115.91, 112.44, 99.50, 40.35. 
Sodium hydridobis[3-(trifluoromethyl)-5-(4-nitrophenyl)pyrazol-1-yl][3-
(4-nitrophenyl)-5-(trifluoromethyl)- pyrazol-1-yl]borate (Na4a’) 
3a (3.00 g, 11.67 mmol) and NaBH4 (126 mg, 3.33 mmol) are mixed in 10 mL 4-
methylanisole and were placed under argon in a flame-dried Schlenk vessel 
fitted with a flame dried glass tube (30 cm). The mixture was heated to 120 °C 
for 2 hours to form the di-substituted borate species, bubbling was observed 
using an oil bubbler and became sporadic after approx. 90 minutes. The 
temperature was then raised to 180 °C for three hours. After approx. 1.5 hours 
bubbling stopped but BH4– was still observed on 1H NMR, after 3 hours BH4– was 
no longer observed. The solvent was then removed in vacuo to yield the product 
as a brown oil. The product was purified by extensive trituration with Et2O to 
yield the product as an off-white solid which was recrystallized from 
DCM/pentane. Yield 1.11 g (40%). M.p. 225 °C (decomposition). 1H NMR (500 
MHz, CD2Cl2) δ 8.19 (d, J = 8.4 Hz, 2H), 8.05 (d, J = 8.3 Hz, 4H), 7.77 (d, J = 8.4 Hz, 
2H), 7.32 (d, J = 8.3 Hz, 4H), 6.97 (s, 1H), 6.66 (s, 2H), 4.59 (bs, 1H). 13C NMR (75 
MHz, acetone-d6) δ 150.17, 148.75, 148.06, 147.82, 143.21 (q, J = 36.8 Hz), 
140.64, 139.37, 138.63 (q, J = 38.1 Hz), 130.98, 127.09, 124.57, 123.50, 123.15 
(q, J = 267.6 Hz), 121.73 (q, J = 269.0 Hz), 106.79 (q, J = 3.0 Hz), 105.73 (q, J = 




3b (7.75 g, 27.7 mmol) and NaBH4 (0.202 g, 5.35 mmol) were mixed and placed 
under argon in a flame-dried Schlenk vessel fitted with a flame-dried condenser 
(not cooled with water). The mixture was heated 200 °C for 4 hours, 3b 
subliming in the glassware was occasionally molten using a heat gun to return 
it to the reaction mixture. The remaining pyrazole was removed from the 
product by extensive vacuum sublimation at 160 °C. The product was dissolved 
in DCM and filtered over celite to remove insoluble byproducts. The solvent was 
removed in vacuo to yield the product as a white powder. Yield 3.59 g (77%). 
M.p. 212-214 °C. 1H NMR (300 MHz, acetone-d6) δ 7.37 (d, J = 8.4 Hz, 6H), 7.23 
(d, J = 8.4 Hz, 6H), 6.74 (s, 3H), 4.47 (bs, 1H). 13C NMR (75 MHz, acetone-d6) δ 
150.38 , 143.75 (q, J = 36.7 Hz), 136.43 , 131.05, 125.36 (m), 122.97 (q, J = 267.7 
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Hz), 125.25 (q, J = 271.8 Hz), 105.34 (q, J = 1.9 Hz). HRMS (ESI neg.) m/z calcd. 
For [M–] (=C33H16BF18N6–) 849.12366 found 849.12078. 
Sodium hydridotris[3-(trifluoromethyl)-5-(4-chlorophenyl)pyrazol-1-
yl]borate (Na4c) 
3c (5.00 g, 20.3 mmol) and NaBH4 (0.247 g, 6.53 mmol) were placed in a flame-
dried Schlenk vessel fitted with a flame-dried glass tube (30 cm) and placed 
under argon. The mixture was heated at once to 180 °C and held at this 
temperature for 2.5 hours. The condenser was then replaced with a cold finger 
and vacuum was applied (10–4 atm). The pyrazole was left to sublime out of the 
product overnight. When no more of the pyrazole deposited on the cold finger 
the cold finger was removed and the product was dissolved in THF (approx. 50 
mL) and filtered over celite to remove insoluble byproducts. The THF was 
evaporated in vacuo and the resulting solids were washed with boiling heptane 
(4 × 20 mL) and Et2O (1 × 20 mL) on a glass frit leaving the pure product as a 
1:1 mixture of the Et2O and THF adducts. Yield 3.2 g (62%). M.p. 192 °C 
(decomposition). 1H NMR (400 MHz, CDCl3) δ 7.00 (d, J = 8.4 Hz, 6H), 6.77 (d, J 
= 8.4 Hz, 6H), 6.44 (s, 3H), 4.57 (bs, 1H), 3.92 (ddd, J = 6.5, 4.2, 2.7 Hz, 2H, coord. 
THF), 3.55 (q, J = 7.0 Hz, 2H, coord. Et2O), 2.02 – 1.96 (m, 2H, coord. THF), 1.24 
(t, J = 7.0 Hz, 3H, coord. Et2O). 13C NMR (100 MHz, acetone-d6) δ 150.38, 143.25, 
134.56, 131.69, 131.07, 128.52, 121.44, 104.67. HRMS (ESI neg.) m/z calcd. For 
[M–] (=C30H16BCl3F9N6–) 747.04459 found 747.04770. 
Sodium hydridotris[3-(trifluoromethyl)-5-(4-fluorophenyl)pyrazol-1-
yl]borate (Na4d) 
3d (5.00 g, 21.7 mmol) and NaBH4 (0.267 g, 7.06 mmol) were placed in a flame-
dried Schlenk vessel fitted with a flame dried glass tube (30 cm) and placed 
under argon. The mixture was heated to 180 °C for 3 hours and 20 minutes. The 
temperature was lowered to 140 °C and the condenser was replaced with a cold 
finger, leftover pyrazole was removed by vacuum sublimation. When no more 
pyrazole deposited on the cold finger the residue was dissolved in toluene (50 
mL) and filtered over celite to remove insoluble byproducts. The toluene was 
evaporated in vacuo and the remaining solids were dissolved in acetone and 
evaporated to dryness. Yield 1.72 g (53%). M.p. 190 °C (decomposition). 1H 
NMR (400 MHz, CDCl3) δ 6.88 (dd, J = 8.6, 5.4 Hz, 6H), 6.72 (t, J = 8.6 Hz, 6H), 
6.44 (s, 3H), 4.61 (bs, 1H), 2.34 (s, 6H, coord. acetone). 13C NMR (100 MHz, 
CDCl3) δ 220.47 (coord. acetone), 162.75 (d, J = 248.1 Hz), 150.18, 142.70 (q, J 
= 36.6 Hz), 131.60 (d, J = 8.3 Hz), 127.79 (d, J = 3.3 Hz), 122.20 (d, J = 267.8 Hz), 
114.74 (d, J = 21.7 Hz), 103.84 (q, J = 1.5 Hz), 65.98 (coord. THF), 31.31 (coord. 
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acetone), 23.06 (coord. THF). HRMS (ESI neg.) m/z calcd. for [M–] 
(=C30H16BF12N6–) 699.13324 found 699.13033. 
Sodium hydridotris[3-(trifluoromethyl)-5-(4-methoxyphenyl)pyrazol-1-
yl]borate (Na4f) 
3f (6.867 g, 28.35 mmol) and NaBH4 (0.346 g, 9.15 mmol) were placed in a 
flame-dried Schlenk vessel fitted with a flame-dried glass tube (30 cm) and 
placed under argon. The mixture was heated to 180 °C for 3 hours. The product 
was dissolved in boiling toluene (50 mL) and filtered, the filtrate was diluted 
with 200 mL heptane and left to stand while the product crystallized. Filtration 
yielded a white powder. Recrystallization from acetone yielded the product as 
its acetone adduct. Yield 3.75 g (53%). M.p. 206 °C (decomposition). 1H NMR 
(300 MHz, CDCl3) δ 6.85 (d, J = 8.6 Hz, 6H), 6.52 (d, J = 8.6 Hz, 6H), 6.42 (s, 3H), 
4.69 (bs, 1H), 3.79 (s, 9H), 2.33 (s, coord. acetone). 13C NMR (75 MHz, CDCl3) δ 
212.24 (coord. acetone), 159.40, 151.06, 142.34 (q, J = 36.2 Hz), 131.26 , 122.37 
(q, J = 268.0 Hz), 113.08, 103.10 (q, J = 1.6 Hz), 55.14, 31.27 (coord. acetone). 




3g (6.00 g, 23.5 mmol) and NaBH4 (0.286 g, 7.56 mmol) were suspended in 20 
mL 4-methylanisole in a flame dried Schlenk flask fitted with a flame-dried glass 
tube (30 cm) and placed under argon. The mixture was heated to reflux for 4 
hours. The mixture was allowed to cool to room temperature and 200 mL 
petroleum ether was added. The diluted mixture was stirred in an ice bath for 
approx. 30 minutes and then filtered. The filtrate was washed with MeCN (6 × 
25 mL) and then dissolved in acetone (50 mL). The acetone was removed in 
vacuo to yield the product as a white powder. The product formed was the 
acetone adduct. Yield 1.80 g (28%). Decomposed around 230 °C. 1H NMR (300 
MHz, acetone-d6) δ 6.82 (d, J = 8.9 Hz, 6H), 6.46 (s, 3H), 6.33 (d, J = 8.9 Hz, 6H), 
4.93 (bs, 1H), 2.93 (s, 18H). 13C NMR (75 MHz, CDCl3) δ 152.86 , 150.81 , 142.83 
(q, J = 36.1 Hz), 131.28 , 123.37 (q, J = 267.4 Hz), 120.35 , 112.07 , 103.18 (q, J = 
1.8 Hz), 40.22. HRMS (ESI neg.) m/z calcd. for [M–] (=C36H34BF9N9–) 774.28810 
found 774.28907. 
General method for synthesis of the copper(I) ethene complexes (5a’, 5b-
g) 
Na4a’ or Na4b-g (50 mg) was dissolved in 5 mL dry, degassed DCM. The 
solution was bubbled with ethene for 2 minutes. CuI (1.05 eq.) was then added 
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and the solution was saturated/bubbled with ethene for another 2 minutes. The 
flask was then stoppered and left to stir at medium speed overnight to form a 
white suspension. The suspension was filtered using a syringe filter (0.45 µm 
PTFE) and the solvent was removed in vacuo to yield the products as white 
powders. The complexes could be further purified by recrystallization from 
DCM/pentane at –20 °C under an ethene atmosphere to yield colorless blocks 
except for 5a’ which was brown. 
[Cu(4a’)(C2H4)] (5a’) 
Yield 42 mg (83%), brown solid. 1H NMR (300 MHz, CD2Cl2) δ 8.37 (d, J = 8.9 Hz, 
2H), 8.07 (d, J = 8.9 Hz, 4H), 7.76 (d, J = 8.9 Hz, 2H), 7.36 (d, J = 8.9 Hz, 4H), 6.87 
(s, 1H), 6.72 (s, 2H), 4.54 (bs, 1H), 4.44 (s, 4H). 13C NMR (126 MHz, CD2Cl2) δ 
152.46, 148.84, 148.67, 148.42, 143.52 (q, J = 38.4 Hz), 139.00 (q, J = 39.1 Hz), 
138.60, 136.99, 131.11, 129.57, 124.32, 123.36, 121.23 (q, J = 269.3 Hz), 120.05 
(q, J = 269.7 Hz), 106.76 (q, J = 2.5 Hz), 86.37. Elemental Analysis calc. (%) for 
C32H20BCuF9N9O6·1.5 H2O·1.0 DCM (found): C 40.29 (41.20), H 2.56 (2.8), N 
12.81 (12.32). 
[Cu(4b)(C2H4)] (5b) 
Yield 49 mg (91%). 1H NMR (400 MHz, CD2Cl2) δ 7.22 (d, J = 8.4 Hz, 6H), 7.00 (d, 
J = 8.3 Hz, 6H), 6.69 (s, 3H), 4.96 (s, 4H), 4.43 (bs, 1H). 13C NMR (100 MHz, 
CD2Cl2) δ 149.24, 143.44 (q, J = 38.2 Hz), 134.36, 131.37 (q, J = 33.8 Hz), 130.48, 
125.12, 124.07 (q, J = 272.4 Hz), 121.36 (q, J = 269.3 Hz), 106.38 (q, J = 2.4 Hz), 
86.82. Elemental Analysis calc. (%) for C35H20BCuF18N6 (found): C 44.68 (44.63), 
H 2.14 (2.01), N 8.93 (8.91). 
[Cu(4c)(C2H4)] (5c) 
Yield 47 mg (94%). 1H NMR (600 MHz, CD2Cl2) δ 7.02 (d, J = 8.5 Hz, 6H), 6.80 (d, 
J = 8.5 Hz, 6H), 6.61 (s, 3H), 4.92 (s, 4H), 4.47 (bs, 1H). 13C NMR (151 MHz, 
CD2Cl2) δ 149.57, 143.14 (q, J = 38.0 Hz), 135.49, 131.41, 129.26, 128.49, 121.45 
(q, J = 269.0 Hz), 105.93 (q, J = 2.5 Hz), 86.35. Elemental Analysis calc. (%) for 
C32H20BCl3CuF9N6 (found): C 45.74 (46.37), H 2.40 (2.77), N 10.00 (9.87). 
[Cu(4d)(C2H4)] (5d) 
Yield 36.6 mg (73%). 1H NMR (300 MHz, CD2Cl2) δ 6.95 – 6.83 (m, 6H), 6.74 (t, J 
= 8.5 Hz, 6H), 6.60 (s, 3H), 4.91 (s, 4H), 4.54 (bs, 1H). 13C NMR (126 MHz, CD2Cl2) 
δ 163.24 (d, J = 249.8 Hz), 149.65, 142.95 (q, J = 37.9 Hz), 131.86 (d, J = 8.3 Hz), 
126.88 (d, J = 3.4 Hz), 121.41 (q, J = 268.7 Hz), 115.13 (d, J = 21.6 Hz), 105.92 (q, 
J = 2.4 Hz), 86.07. Elemental Analysis calc. (%) for C32H20BCuF12N6·H2O (found): 
C 47.52 (47.48), H 2.74 (2.57), N 10.39 (10.23). 
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 [Cu(4f)(C2H4)] (5f) 
Yield 43.5 mg (86%). 1H NMR (400 MHz, CD2Cl2) δ 6.81 (d, J = 8.7 Hz, 6H), 6.56 
(s, 3H), 6.51 (d, J = 8.7 Hz, 6H), 4.88 (s, 4H), 4.62 (bs, 1H), 3.78 (s, 9H). 13C NMR 
(100 MHz, CD2Cl2) δ 160.29, 150.69, 142.51 (q, J = 37.6 Hz), 131.47, 123.22, 
121.67 (q, J = 268.8 Hz), 113.55, 105.25 (q, J = 2.5 Hz), 85.57, 55.47. Elemental 
Analysis calc. (%) for C35H29BCuF9N6O3 (found): C 51.01 (50.83), H 3.47 (3.53), 
N 10.12 (10.16). 
[Cu(4g)(C2H4)] (5g) 
Yield 40 mg (79%). 1H NMR (500 MHz, CD2Cl2) δ 6.75 (d, J = 8.7 Hz, 6H), 6.51 (s, 
3H), 6.26 (d, J = 8.7 Hz, 6H), 4.84 (s, 4H), 4.77 (bs, 1H), 2.92 (s, 18H). 13C NMR 
(126 MHz, CD2Cl2) δ 151.56, 150.56, 142.41 (q, J = 37.5 Hz), 130.98, 121.82 (q, J 
= 268.6 Hz), 118.42, 111.46, 104.57 (q, J = 2.6 Hz), 84.94, 40.12. Elemental 
Analysis calc. (%) for C38H38BCuF9N9·0.2C5H12 (found): C 53.20 (53.40), H 4.62 
(4.61), N 14.32 (14.07). 
5.5.4. General method for the synthesis of the copper(I)-CO complexes 
(6a’, 6b-g) 
Na4a’ or Na4b-g (50 mg) was dissolved in dry, degassed DCM. The solution was 
bubbled with argon for 2 minutes and placed in a glass-lined autoclave (volume 
12 mL). CuI (1.05 eq.) was added and the autoclave was closed and purged with 
dry nitrogen gas. The autoclave was then pressurized with carbon monoxide to 
at least 5 atm and left to stir at room temperature for 20 hours. The autoclave 
was then bubbled with dry nitrogen gas to remove unreacted carbon monoxide. 
The resulting white suspension was filtered using a syringe filter (0.45 µm, 
PTFE) and the solvent was removed in vacuo to leave behind the product as a 
white powder except in the case of 6a’ which was brown. 
[Cu(4a’)(CO)] (6a’) 
Yield 36 mg (56%). 1H NMR (300 MHz, CD2Cl2) δ 8.40 (d, J = 8.5 Hz, 2H), 8.09 (d, 
J = 8.5 Hz, 4H), 7.91 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 4H), 6.91 (s, 1H), 6.72 
(s, 2H), 4.40 (bs, 1H). 13C NMR (100 MHz, CD2Cl2) δ 151.85, 149.09, 148.89, 
148.66, 143.50 (q, J = 38.1 Hz), 139.41 (q, J = 39.5 Hz), 138.09, 136.57, 131.11, 
129.05, 124.53, 123.49, 121.12 (q, J = 269.2 Hz), 119.97 (q, J = 269.5 Hz), 107.27, 
106.33. IR (cm–1): 2611 (w, BH stretching), 2105 (s, CO stretching). Elemental 
Analysis calc. (%) for C31H16BCuF9N9O7 (found): C 42.71 (42.88), H 1.85 (1.97), 




Yield 36 mg (86%). 1H NMR (300 MHz, CD2Cl2) δ 7.25 (d, J = 8.4 Hz, 6H), 6.99 (d, 
J = 8.4 Hz, 6H), 6.69 (s, 3H), 4.29 (bs, 1H). 13C NMR (75 MHz, CD2Cl2) δ 149.02, 
143.00 (q, J = 37.8 Hz), 133.62, 131.20 (q, J = 33.7 Hz), 130.13, 124.82 (tt, J = 3.9, 
1.9 Hz), 123.70 (q, J = 277.1 Hz), 120.87 (q, J = 269.3), 105.24 (q, J = 1.8 Hz). IR 
(cm–1): 2620 (w, BH stretching), 2120 (s, CO stretching). Elemental Analysis 
calc. (%) for C34H16BCuF18N6O (found): C 43.40 (43.20), H 1.71 (1.79), N 8.93 
(8.83). 
[Cu(4c)(CO)] (6c) 
Yield 45 mg (90%). 1H NMR (300 MHz, CD2Cl2) δ 7.04 (d, J = 8.3 Hz, 6H), 6.79 (d, 
J = 8.5 Hz, 6H), 6.61 (s, 3H), 4.33 (bs, 1H). 13C NMR (75 MHz, CD2Cl2) δ 149.71, 
143.06 (q, J = 37.8 Hz), 135.66, 131.38, 128.85, 128.54, 121.31 (q, J = 269.2 Hz), 
105.17 (q, J = 2.0 Hz). IR (cm–1): 2616 (w, BH stretching), 2113 (s, CO 
stretching). Elemental Analysis calc. (%) for C31H16BCl3CuF9N6O (found): C 
44.31 (44.43), H 1.92 (1.99), N 10.00 (9.95). 
[Cu(4d)(CO)] (6d) 
Yield 34 mg (72%). 1H NMR (300 MHz, CD2Cl2) δ 6.89 (dd, J = 8.9, 5.3 Hz, 6H), 
6.76 (dd, J = 9.0, 8.5 Hz, 6H), 6.59 (s, 3H), 4.45 (bs, 1H). 13C NMR (75 MHz, 
CD2Cl2) δ 163.41 (d, J = 247.5 Hz), 149.86, 142.92 (q, J = 37.8 Hz), 131.93 (d, J = 
8.5 Hz), 126.54 (d, J = 3.5 Hz), 121.34 (q, J = 268.9 Hz), 115.28 (d, J = 21.8 Hz), 
105.25 (q, J = 1.8 Hz). IR (cm–1): 2616 (w, BH stretching), 2103 (s, CO 
stretching). Elemental Analysis calc. (%) for C31H16BCuF12N6O·0.2C5H12 (found): 
C 47.73 (48.03), H 2.30 (2.30), N 10.44 (10.65). 
 [Cu(4f)(CO)] (6f) 
Yield 45 mg (89%). 1H NMR (300 MHz, CD2Cl2) δ 6.79 (d, J = 8.6 Hz, 6H), 6.55 (s, 
3H), 6.52 (d, J = 8.7 Hz, 6H), 4.50 (bs, 1H), 3.79 (s, 9H). 13C NMR (75 MHz, CD2Cl2) 
δ 160.07, 150.46, 142.24 (q, J = 37.3 Hz), 131.11, 122.45, 121.18 (q, J = 269.0 
Hz), 113.23, 104.12 (q, J = 1.8 Hz), 55.17. IR (cm–1): 2636 (w, BH stretching), 
2096 (s, CO stretching). Elemental Analysis calc. (%) for C34H25BCuF9N6O4 
(found): C 49.38 (49.11), H 3.05 (3.14), N 10.16 (9.99). 
[Cu(4g)(CO)] (6g) 
Yield 51 mg (86%). 1H NMR (300 MHz, CD2Cl2) δ 6.74 (d, J = 8.8 Hz, 6H), 6.50 (s, 
3H), 6.28 (d, J = 8.8 Hz, 6H), 4.66 (bs, 1H), 2.92 (s, 18H). 13C NMR (75 MHz, 
CD2Cl2) δ 151.32, 150.34, 142.14, 130.62, 117.65, 111.12, 103.41 (q, J = 1.8 Hz), 
40.15. CO and CF3 could not resolved due to the low solubility of the complex. 
IR (cm–1): 2647 (w, BH stretching), 2096 (s, CO stretching). Elemental Analysis 
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calc. (%) for C37H34BCuF9N9O·H2O (found): C 50.27 (50.63), H 4.10 (4.24), N 
14.26 (13.90). 
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6. Ultra-sensitive ethene detection on graphene field 
effect transistors using copper(I) scorpionate complexes. 
The detection of ethene at biologically relevant concentrations – as low as parts 
per billion by volume (ppb) – requires extraordinary sensitivity of the sensor. In 
this Chapter we describe a graphene field-effect transistor (GFET) functionalized 
with air-stable copper(I) hydridotrispyrazolylborate complexes capable of rapid 
and sensitive detection of ethene gas. The GFET exploits the remarkable physical 
and chemical properties of graphene and tailored copper(I) compounds 
demonstrating the capability of reversibly binding ethene gas at the required ppb 
concentrations. A spectrochemical series of fluorinated 
hydridotrispyrazolylborate ligands was used to systematically study the influence 
of the electronic properties of the copper(I) complexes on the response and 
sensitivity of the GFET. The use of these tuneable ligands provided systematic 
influence over the electron densities of the resulting complexes while keeping the 
steric environment of the copper(I) ions constant. The resulting GFETs offer 
ethene detection below 100 ppb and offer the possibility of the development of 
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Ethene is a gaseous analyte that is particularly important in agri- and 
horticulture where it serves as a hormone for climacteric plants.[1-3] Ethene gas 
is a highly diffusive, relatively unreactive gas that induces ageing responses in 
plants in concentrations as low as parts per billion (ppb) by volume. Recently, 
the use of sensitized single-walled carbon nanotubes (SWCNTs) as a sensor for 
ethene has been reported with which sensitivity of 500 ppb was reached.[4] The 
sensitizer consisted of a hydridotrispyrazolylborate copper(I) complex which 
is known for its ability to coordinate strongly to ethene molecules.[5] 
Unfortunately, the desirable properties of SWCNTs such as their excellent 
surface-to-volume ratios are offset by their undesirable properties. The 
preparation of bulk samples of SWCNTs is typically associated with difficulties 
such as their low dispersibility in various solvents and generally plagued by 
poor reproducibility as a result of impurities, defects and unpredictable and 
unstable junctions between the SWCNTs. As a consequence FET-type electronic 
behaviour is typically only clearly observed in single nanotubes or arrays of 
carefully oriented SWCNTs and not in randomly placed bulk samples.[6-9] 
Furthermore it remains unclear if the sensing responses of SWCNTs are the 
result of modulation of the junctions and defects, the surfaces of the tubes or a 
combination of the two. The use of graphene instead of SWCNTs allows for the 
exploitation of the all-surface-atom makeup offered by carbon allotropes like 
graphene and SWCNTs without the aforementioned practical problems.  
A particularly promising example of graphene-based electronics is the class of 
graphene-based field effect transistors (GFETs). In GFETs the electrical 
conductivity of graphene is modulated using external electrical fields (i.e. the 
field effect to which this type of transistor owes its name).[10] The application of 
external electrical fields is typically done using back-gating, but can also be 
done by binding charged molecules close to the graphene surface.[11] The two-
dimensional nature of graphene and the concomitant extremely high surface to 
volume ratio mean that GFETs are excellently suited for chemical sensing. 
GFETs have been used to detect individual molecules of NO2, showing the 
extreme potential offered by graphene’s unusually high sensitivity to external 
electrical fields.[12] Less reactive gases such as ammonia, water vapour and 
carbon monoxide can also be detected using graphene, typically with 
sensitivities at the ppm level or lower.[13] The mechanism of detection of these 
gases lies in the ability of the detected molecules to oxidize or reduce the 
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graphene, thus doping the material with holes or electrons, which results in a 
change in the conductivity of graphene.  
It has been shown that impurities on the graphene, such as residual materials 
from the fabrication and deposition steps, are likely to be responsible for the 
reactivity with many of the analyte gases.[14] Thoroughly cleaned samples of 
graphene show little to no response to analytes that before cleaning induced 
strong electrical responses. This finding indicates not only that the, potentially 
undesired, chemical reactivity towards contaminant gases such as NO2, CO and 
NH3 can be eliminated by thorough cleaning of the graphene, but also that 
apparently the graphene can be sensitized greatly to particular analytes by the 
introduction of ‘tailored impurities’. Using this principle, custom-made 
sensitizers can be designed to modify the graphene layer for the detection of 
otherwise difficult to detect, relatively unreactive molecules. The use of tailored 
sensitizing layers for specific target compounds has been explored previously 
in liquid gated GFETs sensitized using labels for charged biomolecules.[15] For 
gas sensors the use of sensitized graphene is typically limited to the use of 
transition metal oxide nanoparticles.[16] Examples of molecule-sensitized 
graphene gas sensors are very rare and typically include the use of 
macromolecules like DNA, polyaniline or poly(methylmethacrylate).[17-19] 
The physical and electrical properties of graphene coupled with the possibility 
for significant sensitization offers promise for the detection of ethene gas with 
the required sensitivity and reproducibility. The copper(I) complexes shown in 
Scheme 6.1 were selected for their ability to reversibly bind ethene gas in air.  
 
Scheme 6.1. [Cu(TpCF3,4-RPh)(MeCN)] (left, R = NMe2, OMe, H, F, Cl or CF3) and 
[Cu(Tp(CF3)2)(MeCN)] (right). The third pyrazole ring is equivalent to the two that are 
depicted and is indicated as “-[=]-“ for clarity. 
The trifluoromethyl groups in the 3-positions of the pyrazole rings on the 
hydridotrispyrazolylborate ligands serve to oxidatively stabilize the copper(I) 
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center while the 4-substituted phenyl rings on the 5-positions of the pyrazoles 
offer good interaction with the graphene through π-stacking. Additionally the 
phenyl rings can be modified through substitution to alter the electron density 
at the copper(I) center while leaving the steric environment around the 
copper(I) center unaffected.[20] The acetonitrile ligand is labile and can easily be 
displaced by ethene during the operation of the sensor.  
The copper(I) complexes of the hydridotrispyrazolylborate ligands shown in 
Scheme 6.1 are capable of binding ethene and carbon monoxide and the 
resulting compounds have electronic properties that can be related to the 
Hammett parameter of the substituent on the phenyl ring.[20] Combined with 
the unrivalled sensitivity of graphene to changes in the local environment these 
copper compounds thus offer an opportunity to systematically study the 
chemistry and kinetics of an ethene-sensitive GFET. The complex 
[Cu(Tp(CF3)2)(MeCN)] was included in this work as it has been used previously 
as the sensitizer in a chemiresistive ethene sensor based on SWCNTs.[4] This 
compound has a binding “pocket” at the copper(I) ion that is highly similar to 
those in the other copper(I) complexes used in this work.  
Even though the use of acetonitrile adducts in GFET devices intended for the 
detection of ethene may not seem immediately obvious a number of compelling 
reasons justify their use. Firstly, the thin layers of complex molecules applied to 
the GFET are expected to be able to completely exchange their ancillary ligands. 
Once dissociated from the copper(I) centers the acetonitrile molecules will 
enter the vapor phase and rapidly diffuse away from the sensor surface. The 
resulting concentrations of acetonitrile will be so low as to effectively prevent 
reassociation with the complex molecules on the surface. Particularly in a 
stream of gas the effective concentration of acetonitrile will be effectively zero. 
Secondly, the acetonitrile complexes offer facile access to air-stable, soluble 
complexes with coordination geometries that are highly similar to those of the 
corresponding ethene complexes. In principle the ethene or carbonyl 
complexes would have been similarly applicable except for their generally 
lower solubilities in dichloromethane which may interfere with techniques 
such as dip-coating. Finally the acetonitrile complexes represent a relatively 
rare class of copper(I) hydridotrispyrazolylborate compounds thus offering a 
chance to study their properties using the systematically varied substituents of 
the spectrochemical series shown in Scheme 6.1. 
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6.2. Results and Discussion 
6.2.1. Synthesis and analysis of the copper(I) complexes 
The acetonitrile complexes were prepared in a metathesis reaction between the 
sodium salts of the hydridotrispyrazolylborate ligands and [Cu(MeCN)4]SbF6 in 
DCM and were typically obtained in high yields. After stirring overnight the 
suspended NaSbF6 byproduct was removed by filtration after which the 
complexes could be obtained by evaporation of the solvent. The notable 
exception was [Cu(TpCF3,4-FPh)(MeCN)] which was found to be particularly 
insoluble in DCM and had to be extracted into toluene before filtration. The 
complexes were further purified by recrystallization from DCM (or toluene in 
the case of [Cu(TpCF3,4-FPh)(MeCN)]) using pentane as a counter solvent. All 
complexes were obtained as white microcrystalline solids that showed no 
degradation upon exposure to light and air for periods of months. 
The acetonitrile complexes were analysed using 1H, 13C and 19F NMR and 
showed the expected resonances based on the structurally almost identical 
carbonyl and ethene complexes.[20] Resonances attributed to the methyl groups 
of the acetonitrile ligands were observed around 2.3 ppm on 1H NMR and 
around 2.7 ppm on 13C NMR. The trends with respect to the substituent 
observed in the resonances of the ethene and carbonyl ligands are not apparent 
in the acetonitrile complexes. Most likely the nitrile groups effectively shield the 
acetonitrile protons from the electronic effects of the 
hydridotrispyrazolylborate ligands. Additionally the orientations of the 
protons away from any other atoms in the molecule precludes through-space 
interactions which further eliminates the electronic effects of the 
hydridotrispyrazolylborate ligands. The trifluoromethyl groups are located 
around –60 ppm on 19F NMR which is typical for aromatic trifluoromethyl 
groups. Highly similar chemical shifts were reported for the structurally 
comparable complexes [Cu(Tp(CF3)2)(C2H4)], [Cu(TpCF3,Ph)(C2H4)] and 
[Cu(TpCF3)(C2H4)].[21] No trend was found in their exact resonances with respect 
to the electronic properties of the copper(I) centers due the low polarizability 
of trifluoromethyl groups and the orientations of the fluoride atoms away from 
the other atoms in the complex molecules. The 19F signal for the fluoro 
substituent on the phenyl ring was observed as a triplet of triplets at –113.25 
ppm which indicates a somewhat electron-poor phenyl ring.[22] 
To confirm the premise that the acetonitrile complexes are structurally highly 
similar to the carbonyl complexes of these hydridotrispyrazolylborate ligands 
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the structure of one such acetonitrile complex determined. [Cu(TpCF3,4-
OMePh)(MeCN)] crystallized from DCM as large transparent blocks suitable for 
single crystal X-ray crystallography. The structure of [Cu(TpCF3,4-OMePh)(MeCN)] 
(shown in Figure 6.1) was found to consist of a tetrahedrally coordinated 
copper(I) center with three nitrogen-donors from the 
hydridotrispyrazolylborate ligand and one nitrogen donor from the acetonitrile 
ligand. The hydridotrispyrazolylborate ligand is coordinated in the expected 
facial arrangement with Cu–NTp distances of 2.0745(14), 2.0772(14) and 
2.1096(14) Å, the Cu–NMeCN distance is 1.8813(14) Å. The observed distances 
are slightly longer than those observed in [Cu(TpCF3,4-OMePh)(CO)] which has Cu–
NTp distances of 2.038(2), 2.062(2) and 2.075(2) Å and a Cu–CO distance of 
1.793(3) Å. In [Cu(TpCF3,4-OMePh)(C2H4)], the Cu-NTp distances are 2.026(4), 
2.046(4) and 2.224(4) Å (see Chapter 5).  
 
Figure 6.1. Projection of the structure of [Cu(TpCF3,4-OMePh)(MeCN)] with ellipsoids 
plotted at the 50% probability level. Hydrogen atoms have been omitted for the sake of 
clarity. Selected distances (Å) and angles (°): B1···Cu1 3.057(2), Cu1–N12 2.0772(14), 
Cu1–N22 2.0745(14), Cu1–N32 2.1096(14), Cu1–N1 1.8813(14), N1–C1 1.136(2), Cu1–
N1–C1 179.23(16), N12–Cu1–N32 92.50(5), N12–Cu1–N1 124.33(6). 
The complex has approximate three-fold rotational symmetry that is broken by 
varying degrees of rotation of the phenyl rings with respect to the pyrazole 
rings; the dihedral angles between the phenyl and the pyrazole rings are 
46.0(2)°, 55.7(2)° and 60.6(2)°. The differences in the observed distances in the 
ethene, carbonyl and acetonitrile complexes are likely attributable at least in 
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part to crystal packing effects. Similarly, the different dihedral angles between 
the phenyl rings and the pyrazoles are most likely caused by π-stacking in the 
crystal lattice as the rings have some rotational freedom.  
6.2.2. Structural characterization of the GFET devices 
The GFET devices (see Figure 6.2) were prepared by wet-transfer of graphene 
onto highly p+-doped silicon substrates with 288 nm silicon dioxide insulator 
layers. Using atomic layer deposition (ALD) gold electrodes were applied 
directly on top of the graphene to ensure good contact with the smallest 
possible contact resistance and the best possible mechanical stability.  
 
Figure 6.2. Schematic view of the GFET devices. A highly p-doped silicon wafer with a 
288 nm thick SiO2 insulating layer bears a strip of graphene with source and drain 
electrodes patterned on top (spacing ~1 mm). The graphene is functionalized with a 
thin layer of copper(I) hydridotrispyrazolylborate complex. The drain electrode and 
backgate are grounded, VG = backgate potential vs the source electrode, Vsd ≈ 1 mV.  
Mechanical stability is important as vibrations between non-intimate contacts, 
such as spring-loaded pins, can result in additional electrical noise during 
operation of the GFET devices. 
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In order to fully exploit the potential for sensitive ethene detection offered by 
graphene-based devices it is important to assemble the devices as reproducibly 
as possible. The operation of a GFET is highly dependent on the formation of 
thin, homogeneous layers of the complexes on the graphene surface. The layers 
should ideally be of homogeneous thickness so as not to form local “puddles” of 
charge which can cause scattering of charge carriers in the graphene as 
scattering is a source of noise. Likewise thin layers are required as the field 
effect is strongest close to the graphene surface and thick layers would hamper 
permeation of the analyte gas to the lower layers. To achieve the desired full-
surface coverage of the graphene with thin layers of the copper complexes the 
well-known ability of carbon materials to adsorb dissolved molecules was 
exploited. The copper(I) trispyrazolylborate acetonitrile complexes were 
applied to the graphene surface by immersion of the complete devices in 
solutions of the copper complexes in DCM after which the samples were 
thoroughly rinsed to remove excess material. To evaluate the resulting layers 
for thickness and homogeneity samples thus prepared were analysed using 
ellipsometry and AFM.  
 
Figure 6.3. Space-filling representation of the crystal structure of [Cu(TpCF3,4-
OMePh)(MeCN)] as assumed to adsorb to a graphene surface.  
Using ellipsometry the thickness of the layers was studied and was found to 
range from 2.0(1) nm in the case of [Cu(TpCF3,4F-Ph)(MeCN)] to 3.7(1) nm for 
[Cu(TpCF3,4CF3-Ph)(MeCN)] (see Figure 6.4). The use of [Cu(TpCF3,4F-Ph)(MeCN)] 
was found to result in the thinnest layers but may be less suitable for 
comparison with the other samples as the solubility of [Cu(TpCF3,4F-Ph)(MeCN)] 
in dichloromethane is too low to reach the desired concentration of 10 mM used 
for dip-coating of the other compounds. If [Cu(TpCF3,4F-Ph)(MeCN)] is excluded 
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from the series the thinnest layer observed was found for [Cu(TpCF3,Ph)(MeCN)] 
at 2.46(9) nm. The layer thicknesses do not appear to correlate to the polarity 
of the complexes, rather it appears that properties such as the steric bulk of the 
complexes and differences in their packing on the graphene surface are 
responsible. As is described in Chapter 4 the layer thicknesses corresponding 
to multiple times the height of a monolayer assuming the complexes adsorb 
side-on. For example, using the crystal structure of [Cu(TpCF3,4-OMePh)(MeCN)] 
the thickness of a monolayer was estimated to be approximately 0.8 nm (see 
Figure 6.3), the layer on graphene of this compound was determined to be 
3.31(8) nm thick amounting to approximately 4 monolayers. 
 
Figure 6.4. Layer thicknesses obtained by ellipsometry of the multilayers of the 
complexes [Cu(TpCF3,4-RPh)(MeCN)] labeled with their R-groups vs. the Hammett σp 
parameters of the substituents. Error bars indicate standard errors. 
For the complex [Cu(Tp(CF3)2)(MeCN)] a layer thickness of 1.68(9) nm was 
obtained. Surprisingly the residence time in the solution has little effect on the 
layer thickness of [Cu(Tp(CF3)2)(MeCN)], incubation times of 1, 10 or 100 
minutes resulted in layer thicknesses of 1.44(7), 1.68(9) and 1.371(21) nm 
respectively. The observed variation in thickness indicates that, even though 
individual samples show very homogeneous layer thicknesses some variation 
is still possible. Most likely the exact amount of material that is washed away 
during rinsing varies somewhat per sample depending on factors such as the 
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amount and temperature of the solvent and the surface roughness of the 
graphene onto which the molecules are adsorbed. As the widest diameter of 
[Cu(Tp(CF3)2)(MeCN)] is essentially the same as of [Cu(TpCF3,4-OMePh)(MeCN)] the 
observed layer thicknesses of approximately 1.5 nm must correspond to a layer 
composed of one or two monolayers.  
In order to better understand the packing of the copper(I) complexes on the 
graphene surface the samples were studied using atomic force microscopy 
(AFM). The dip-coated samples showed no clear signs of self-assembly on the 
graphene surface, instead disordered surfaces were observed. The surfaces of 
[Cu(TpCF3,4-OMePh)(MeCN)], [Cu(TpCF3,4-FPh)(MeCN)] and [Cu(TpCF3,4-CF3Ph)(MeCN)] 
looked similarly rough but the scale of the observed features varied. Graphene 
coated with [Cu(TpCF3,4-OMePh)(MeCN)] (see Figure 6.5) showed a relatively 
homogeneous surface with features that lack obvious geometry ranging from 
tens to hundreds of nanometers in size. The step height of the darker (lower 
lying) and lighter (higher) features was found to be approximately 0.7–0.8 nm 
which suggests [Cu(TpCF3,4-OMePh)(MeCN)] to form a pitted surface composed of 
disordered monolayers.  
 
Figure 6.5. AFM image of the surface of [Cu(TpCF3,4-OMePh)(MeCN)] on graphene. The 
height traces on the right show the valley (blue) and the ridge (red) indicated in the 
image. 
[Cu(TpCF3,4-FPh)(MeCN)] (Figure 6.6) and [Cu(TpCF3,4-CF3Ph)(MeCN)] (Figure 6.7) 
on graphene form structures that are comparable to those formed by 
[Cu(TpCF3,4-OMePh)(MeCN)]. [Cu(TpCF3,4-FPh)(MeCN)] appeared to form a more 
finely grained surface and [Cu(TpCF3,4-CF3Ph)(MeCN)] formed a rough surface 




Figure 6.6. AFM images of [Cu(TpCF3,4-FPh)(MeCN)] before (left) and after (right) 
exposure to ethene gas on graphene. Not the same location on the sample. 
The surface of [Cu(TpCF3,4-CF3Ph)(MeCN)] showed small multilayer domains 
before exposure to ethene. Upon exposure to ethene the surfaces of both 
[Cu(TpCF3,4-FPh)(MeCN)] and [Cu(TpCF3,4-CF3Ph)(MeCN)] assumed more diffuse 
textures which were clearly distinct from their former states. 
 
Figure 6.7. AFM image of [Cu(TpCF3,4-CF3Ph)(MeCN)] on graphene before (left) and after 
(right) ethene exposure. Not the same location on the sample. 
To investigate if the layers are disordered from the first monolayer or if 
disorder sets in only when the layers build up, monolayer samples were 
prepared by drop casting dilute (approximately 1 µM) solutions of 
[Cu(Tp(CF3)2)(MeCN)] and [Cu(TpCF3,4-CF3Ph)(MeCN)] in DCM on freshly cleaved 
HOPG (highly oriented pyrolytic graphite). The concentration of the drop-
casting solution was chosen such that the resulting surface coverage on HOPG 
would not exceed a monolayer. HOPG was chosen over CVD graphene as freshly 
cleaved HOPG offers convenient access to large, flat, contiguous surfaces of high 
quality graphene.  
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[Cu(Tp(CF3)2)(MeCN)] was found to assemble on HOPG into monolayer domains 
with the expected thickness of approximately 0.8 nm and areas of tens to 
hundreds of nanometers (see Figure 6.8). Lying between these larger domains 
are numerous smaller, strand-like structures of the same height.  
 
Figure 6.8. AFM images of [Cu(Tp(CF3)2)(MeCN)] on HOPG. The complex forms large 
domains of monolayers (left). On the right the same area is shown after exposure to 
ethene gas. The features on the surface show signs of diffusion. 
The domains have no obvious shape or structure indicating a limited degree of 
interaction between the adsorbed complex molecules. The sample was then 
exposed to pure ethene gas during a scan of the atomic force microscope. The 
result was dramatic; the surface structures showed clear signs of diffusion with 
the strand-like structures disappearing altogether and the larger structures 
changing size and shape. The surface of the sample resolved to show layers with 
a step height of approximately 0.8 nm. These observations can be explained by 
the formation of a mixture of [Cu(Tp(CF3)2)(MeCN)] and [Cu(Tp(CF3)2)(C2H4)] on 
the surface of the sample. Evidently the compounds are not structurally similar 
enough to co-crystallize (or co-assemble) on the HOPG surface resulting in 
diffusion of the previously much more ordered surface.  
The formation of layers and structures of various adsorbates on flat surfaces as 
observed with AFM and ellipsometry depends on a numbers of factors, 
particularly surface-adsorbate stacking interactions, adsorbate-adsorbate 
stacking interactions and lattice mismatch between the surface and the 
crystalline phase of the adsorbate. If stacking interactions between the surface 
and the adsorbate dominate layer formation will proceed via the initial 
formation of a monolayer followed by the subsequent formation of layers on 
top of the monolayer (a form of epitaxial growth known as Frank-van-der-
Merwe growth).[23] In contrast, if interactions between the adsorbate molecules 
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dominate layer formation will not occur and crystalline structures will form 
instead (known as Volmer-Weber growth). Typically neither of the stacking 
interactions dominates by a large degree and a stepwise transition from Frank-
van-der-Merwe growth to Volmer-Weber growth occurs instead (known as 
Stranski-Krastanov growth). As the layers grow the lattice mismatch between 
the substrate and the adsorbate causes the dominant mode of adsorption to 
switch from layer-by-layer growth to crystalline growth.  
The rough, multi-layered surfaces observed in the AFM images of the dip-coated 
samples indicate that there is indeed a transition from the ordered monolayer 
growth to a less regular form of surface coverage. The absence of obvious two-
dimensional organisation in the monolayers of [Cu(Tp(CF3)2)(MeCN)] indicates 
a lack of interactions between complex molecules. In contrast, such interactions 
do appear to be present in [Cu(TpCF3,4-CF3Ph)(MeCN)], which formed multi-
layered structures despite being formed from a solution that was too dilute to 
cover the entire surface in a multilayer. Evidently the incorporation of a phenyl 
ring in the ligand adds a sufficient amount of π-stacking interactions between 
the complex molecules to allow for the formation of multilayers with large 
domains. The comparatively thin multilayers of [Cu(Tp(CF3)2)(MeCN)] likely 
result from a lack of such stacking interactions. Possibly more layers form 
during the dip-coating procedure which are washed away during the rinsing 
step afterwards. The degree of stacking interactions between the complex 
molecules would then be at least partially responsible for the resulting 
thickness of layers that remain after the rinsing step. As the ellipsometry 
measurement showed the effect not solely to be the result of the polarity of the 
complexes, likely the steric bulk of the different substituents overshadows the 
polarity as the dominant factor.  
The ability of molecules to diffuse on the surface of HOPG (and thus graphene) 
has important implications for the understanding of GFET devices sensitized 
with copper(I) hydridotrispyrazolylborate compounds. If the copper 
complexes can diffuse across the graphene surface the operation of the sensor 
is not reliant on mechanisms involving single complex molecules. Instead the 
formation of self-assembled structures or multinuclear species (or 
combinations of the two) can be considered as possible states or intermediates 
in the functioning of the devices. 
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6.2.3. Electronic characterization of the GFET devices 
The physical structure of the applied layers of copper complex has a direct 
influence on the electronic properties of a GFET device. Changes in the charge 
carrier density in the graphene result from changes in the electric field through 
the graphene (the field effect) which can be detected as a change in the 
conductance of the graphene.  
In order to determine a convenient layout for the GFET devices the performance 
was compared between devices with small (several µm²) and larger (several 
mm²) graphene surface areas. A determining factor for the performance of a 
sensor is its signal-to-noise ratio; larger devices will give rise to larger signal-
to-noise ratios. Large devices are also simpler to fabricate, a considerable 
benefit when many devices are required. A downside of using larger surfaces of 
graphene is the larger shift of the Dirac point (ΔVD) away from VG = 0. This shift 
is the result of trapped charges on the substrate and defects such as pinholes in 
the SiO2 layer. Trapped charges (including trapped ions such as ammonium, 
sodium and potassium) have an electrical field that influences the charge-
carrier density of the graphene which effectively dopes the graphene. Pinholes 
in the SiO2 layer are the result of fabrication errors and cause uneven coupling 
and leak currents between the backgate and the graphene which influences ΔVD. 
Additionally, as the area of the graphene increases the variability in its 
characteristics (such as conductivity and ΔVD) will increase due to the larger 
number of defects such as holes, tears, grain boundaries and ripples in the 
graphene layer. In order to remove the influence of the graphene on the 
outcome of the experiments the transconductance (gm) of the GFET devices was 





Equation 6.1. Definition of the device transconductance gm. gm is defined as the partial 
derivative of the Isd/VG curve at a given potential Vsd. Isd = the current flowing between 
the source and drain electrodes. 
The transconductance is effectively a measure for the response intensity of a 
device, thus dividing the response by the transconductance results in a device-
independent response. The use of device transconductance in nanosensors was 
first described by Ishikawa et al. on streptavidin-functionalized In2O3 
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nanowires.[24] A similar approach was taken by Duan et al. for the comparison 





Equation 6.2. Definition of ΔVG. ΔGsd is the change in conductance between the source 
and drain electrodes, gm is the device transconductance, ΔVG is the change in the 
backgate potential. 
As VG was kept constant (typically at VG = 0 V) Equation 6.2 effectively states 
that a change in the conductance of a GFET device divided by its 
transconductance yields a sensor response in the form of a change in the 
effective backgate potential VG. This change in the effective gate potential 
through the graphene is assumed to be the result of changes in the electric field 
through the graphene. In GFET devices that bind charged particles such as 
charged biomolecules the electric field near the graphene is modulated by the 
electric field caused by the discrete charge on the adsorbate. In the case of 
uncharged adsorbates the electric field is modulated by the dipole moment of 
the adsorbate that results from an uneven distribution of electron density in the 
adsorbate and its anisotropic distribution on the surface.  
The ethene and carbonyl complexes of copper(I) bearing the [TpCF3,4-RPh]– 
ligands were previously shown to have linearly predictable electronic 
properties.[20] As their structures are highly similar their dipole moments were 
expected to follow a trend correlated to the σp parameters of the substituents 
on the ligands (this is discussed in more detail in section 6.2.6). The complexes 
should therefore influence the charge neutral point of graphene in a linear 
fashion if the following assumptions are true: the monolayer of molecules 
closest to the graphene causes the largest field effect and the molecules 
assemble in the same, or at least highly similar, orientations on the surface.  
Unfortunately, as the larger GFET devices have large innate shifts of VD away 
from 0 V the backgate potentials required to observe the Dirac points were 
higher than could safely be applied to the devices. In order to lower the required 
potentials it was necessary to shield the graphene from the substrate, this was 
achieved by insulating the substrate using octadecyltrimethoxysilane 
((MeO)3SiC18H37, OTS) which forms self-assembled monolayers (SAMs) of 
hydrophobic alkyl chains on the SiO2 surface. The alkyl chains provide distance 
between immobilized charges on the SiO2 surface and the graphene thus 
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limiting their effect.[26] To study the effect of these hydrophobic SAMs a control 
experiment was performed using a layer of the smaller trimethylsilyl (TMS) 
groups. 
 
Figure 6.9. The change in the Dirac point (VD) of the OTS-functionalized devices as a 
function of the Hammett σp parameters of the substituents on the phenyl rings of the 
[Cu(TpCf3,4-RPh)(MeCN)] complexes. 
As expected the shorter spacing between the graphene layer and the SiO2 
substrate resulted in a larger residual effect of charge puddles as evident from 
the larger substrate-induced shift of the Dirac point (see Appendix VI). Using 
the OTS-modified substrates devices were fabricated that were characterized 
both before and after dip-coating with the copper complexes to find ΔVD (see 
Figure 6.9.). In all cases ΔVD was found to have a positive value indicating that 
all complexes induced additional p-doping in the graphene. As the complexes 
are oxidatively quite stable, redox chemistry between the graphene and the 
complexes is unlikely to be responsible for the observed shifts in the Dirac 
points. Instead the p-doping effect is attributed to dipolar interactions with the 
graphene. Unfortunately, despite the predictable polarity of the complexes no 
correlation between the polarity of the complexes and the shift in the Dirac 
points was observed. Furthermore, a correlation between the layer thickness 
and ΔVD was not observed. Differences in the exact orientation of the complex 
molecules on the graphene surface is therefore the most likely explanation for 
the lack of a predictable shift in the Dirac points of the graphene. 
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6.2.4. Detection of ethene and ethanol using the GFET devices. 
The GFET devices were mounted on gas-tight epoxy chip carriers and placed in 
a Teflon flow cell that was tightly sealed using a poly(dimethylsiloxane) (PDMS) 
ring. Using two mass-flow controllers (MFCs) ethene gas (1% in synthetic air 
composed of 79% N2 and 21% O2) was further diluted with synthetic air to 
reach concentrations of 1, 0.5, 0.2 and 0.1 ppm, the range within which most 
climacteric crops respond to ethene exposure. The GFET devices were also 
exposed to ethanol which is an agriculturally relevant gas that signals rotting. 
As ethanol was expected to bind considerably more weakly to the copper(I) 
centers than ethene ethanol exposures were performed at 10, 5, 2 and 1 ppm. 
Data handling and processing is described in Appendix VI. As initial 
experiments showed large responses in the presence of atmospheric moisture 
all gas measurements were performed using dry gases. Desorption of water 
from the GFET surfaces most likely has the largest contribution to the drift of 
the baseline observed in these devices.  
 
Figure 6.10. Responses of the GFET sensors comprising the sensitizing complexes 
[Cu(TpCF3,4-RPh)(MeCN)] (R = NMe2, OMe, H, F and Cl) or [Cu(Tp(CF3)2)(MeCN)] upon 
exposure to different concentrations of ethene gas. Error bars indicate standard errors. 
When the devices were exposed to ethene all of the sensors showed saturation 
at 1.0 ppm, except for the sensor bearing the reference complex 
[Cu(Tp(CF3)2)(MeCN)] which showed a linear response in the entire range. In the 
cases of R = OMe or F saturation was even observed at 0.1 ppm. For ethanol the 
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devices showed signs of saturation at 10 ppm. As the required concentrations 
are quite low not all devices produced equally high quality data; drift in the 
baseline and poor signal-to-noise ratios occasionally obscured the signal. 
Nonetheless clear trends emerge when the responses of the sensors are 
collected (Figure 6.10). The complexes with electron-donating ligands (R = 
NMe2, OMe and H) produce signals with a negative ΔVG whereas the ligands with 
electron-withdrawing substituents (R = F and Cl) produce signals with a 
positive ΔVG.  
 
Figure 6.11. Response intensities at saturation (calculated from the Langmuir fits, if no 
good Langmuir fit is available the signal at 1.0 ppm (C2H4) and 10 ppm (ethanol) was 
used) vs. the Hammett σp parameters of the substituents on the 
hydridotrispyrazolylborate ligands of the copper(I) complexes. The ethene response of 
the device functionalized with [Cu(TpCF3,4-CF3Ph)(MeCN)] marked with * is the actual 
signal with its sign reversed. Error bars indicate standard errors. 
Contrary to expectations for [Cu(TpCF3,4-CF3Ph)(MeCN)] the sensor produced a 
large negative signal (ΔVG = –202(9) mV) when exposed to 1.0 ppm ethene gas, 
whereas ethanol exposures produced the expected positive signals (albeit of 
poor quality). The signal at 10 ppm ethanol exposure was ΔVG = 163(11) mV 
(the trace of the signal at 10 ppm ethanol exposures is shown in Appendix VI. 
The negative signal produced upon ethene exposure is surprising as the 
ellipsometry and AFM data showed no unusual surfaces for the [Cu(TpCF3,4-
CF3Ph)(MeCN)] functionalized devices compared to the other devices. In contrast, 
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the ethene and carbonyl complexes bearing the [TpCF3,4-CF3Ph]– ligand were found 
to have predictable properties in NMR and infrared spectroscopy.[20]  
Particularly intriguing is the fact that if the sign of the negative signal is 
reversed the signal lines up very well with the values from the complexes with 
R = F and Cl (Figure 6.11). It appears plausible therefore, that [Cu(TpCF3,4-
CF3Ph)(C2H4)] assumes a reversed orientation towards the graphene surface 
compared with the other ethene complexes resulting in a signal with a reversed 
(i.e. negative) sign. 
6.2.5. Kinetics of ethene and ethanol sensing 
When the GFETs respond reversibly, as they do after the first exposure to 
ethene gas, the reaction on the surface of graphene is assumed to consist of the 
conversion of a complex without associated ethene or ethanol, the “off” state 
and the ethene or ethanol complex, the “on” state as described in Scheme 6.2. 
 
Scheme 6.2. The equilibrium reaction between a copper(I) complex without associated 
ethene, the “off” state, and ethene forming the ethene copper(I) complex. k1 is the 
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Equation 6.3. The relationship between the change in the conductance of the graphene 
and the output signal. Δq is the difference between the charges (in C) induced in the 
graphene by the dipole of the complexes in their “on” and “off” states. C0 (Fm–2) is the 
coupling between the complexes and the graphene, [on]max is the maximum number of 
complexes in the “on” state per m2, p(an.) is the partial pressure of the analyte gas 
(typically in ppm) and KD is the equilibrium dissociation constant (in ppm) (KD = k-1/k1).  
The GFET surface consists of a discrete number of binding sites for analyte 
molecules (the copper(I) complexes) in a quasi-two-dimensional arrangement, 
as such it can be described using a Langmuir adsorption isotherm. The results 
of the gas-sensing experiments were therefore interpreted quantitatively by 
fitting Langmuir adsorption isotherms to the ΔVG/p plots (where p is the partial 
pressure of the analyte gas in ppm). The Langmuir isotherms used to describe 
the signals generated by the GFETs can be described using Equation 6.3. 
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Equation 6.3 describes the generation of the signal ΔVG as a function of the 
surface coverage of the graphene with the complexes that constitute the “on” 
state of the sensor, which are assumed to be the copper(I) ethene or ethanol 
complexes. The factor Δq/C0 represents the change in the effective charge on 
graphene that is caused by the conversion of complexes in the “off” state to 
complexes in the “on” state. The first term, when multiplied by the maximum 
surface coverage with complexes in the “on” state, thus gives the maximum 
amplitude of the signal and is effectively a scalar (the coupling factor). The 
second term is the Langmuir adsorption isotherm that dictates the degree to 
which the graphene surface is covered in complexes in the “on” state. Equation 
6.3 offers the possibility to extract the equilibrium dissociation constant KD and 
the term (Δq/C0)[on]max that give insight into the importance of the 
contributions of the imposed charges on the graphene.  
Aside from the equilibrium dissociation constant KD the (first order) 
dissociation rate constant k–1 of the desorption of the analyte gases can be 
extracted from the traces of the gas sensing experiments. When fitting the 
dissociation phase of sensing experiments, care must be taken to consider both 
the dissociation and any possible re-association of the analyte, as molecules 
require time to diffuse away from the surface. This is particularly important 
when experiments are performed in solution as diffusion can be relatively slow. 
In this work the diffusion rates can be ignored, as rapid mixing is taken care of 
by application of a gas flow directly onto the sensor surface. Therefore, the 
kinetics of the dissociation can be modelled without considering the association 
rate constant k1, leading to a simple exponential equation in which the signal 
decays from Von, the potential during exposure, to Voff, the baseline signal (see 
Equation 6.4).  
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Equation 6.4. Von is the signal during analyte exposure, Voff is the signal after 
dissociation of the analyte, k–1 is the dissociation rate constant and t is time.  
Only the traces of the dissociation phase (immediately following the switch 
from gas exposure to synthetic air) could be fitted as the association events are 
obscured by large peaks resulting from the mass flow controllers (MFCs) (see 
Figure 6.12). The devices functionalized with the complexes [Cu(TpCF3,4-
RPh)(MeCN)] (R = NMe2, H (ethene only), F (ethanol only) and Cl) showed signals 
with sufficiently good signal-to-noise ratios. Examples of fits using Equation 6.3 





Figure 6.12. Example of the raw data acquired using GFET device sensitized using 
[Cu(TpCF3,4-FPh)(MeCN)] (no OTS layer) upon exposure to ethene. Exposures lasted one 
hour followed by a purge with synthetic air of one hour during which the signal 
returned to the baseline. The ethene concentrations were 20 ppm (1×), 1.0 ppm (3×), 
0.5 ppm (3×), 0.2 ppm (3×) and 0.1 ppm (3×). The initial sharp peak is caused by the 20 
ppm ethene flushing pulse. The other sharp peaks are caused by the MFCs. Inset: the 
same signal with the baseline subtracted clearly showing the saturation of the response 
at 0.1 ppm. 
The equilibrium dissociation constants (KD,  see Figure 6.14) were obtained for 
a number of the complexes and provide a clear distinction between the ethene 
and ethanol complexes. The equilibrium dissociation constants of the ethene 
complexes are 0.11(3) ppm (R = NMe2), 0.23(3) ppm (R = H) and 0.21(7) ppm 
(R = Cl) while the values obtained for the ethanol complexes are considerably 
higher at 3(1) ppm (R = NMe2), 3(1) ppm (R = F) and 4(1) ppm (R = Cl). 
Physically KD can be interpreted as the fraction of the analyte gas at which half 





Figure 6.13. Examples of the fits used to determine KD, (Δq/C0)×θon,max and k–1 from the 
gas sensing experiments. Error bars indicate standard errors. a) The Langmuir 
adsorption isotherm fitted to the data observed when a non-OTS functionalized GFET 
sensitized with [Cu(TpCF3,4Cl-Ph)(MeCN)] was exposed to ethanol. b) The fit obtained by 
fitting the dissociation of ethene from [Cu(TpCF3,4F-Ph)(C2H4)] after exposure to 0.5 ppm 
ethene on a non-OTS GFET. The data in a and b were fitted using Equation 6.3 and 
Equation 6.4 respectively. 
It is readily apparent that the GFETs can be exposed to higher concentrations 
of ethanol than of ethene before becoming saturated. There is no apparent 
correlation between KD  and the Hammett σp parameters of the substituents on 
the ligands in the complexes. The equilibrium dissociation constant of 
[Cu(Tp(CF3)2)(C2H4)] and [Cu(Tp(CF3)2)(C2H5OH)] could not be determined but 
must be considerably higher than those observed in the other complexes as the 
response curve shows no signs of saturation at 1.0 ppm. 
As the KD values are approximately equal for different complexes when they are 
exposed to the same gas it could be concluded that the scaling relation observed 
between σp and Δq is the result solely of the difference in the electronic effects 
of the complexes on the graphene. It is important to note that the complete 
absence of a correlation between the electron density on the copper(I) center 




Figure 6.14. Equilibrium dissociation constants of ethene (red) and ethanol (black) on 
the GFETs as a function of the Hammett parameter of the substituent on the ligand of 
the sensitizer. Error bars indicate standard errors. 
 
Figure 6.15. k–1 of the ethanol (black squares) and ethene (red circles) complexes vs. 
the Hammett σp parameters of the substituents on the ligands. Error bars represent 
standard errors. 
A trend in this regard should be most visible in the ethene complexes as the π-
backbonding component of the Cu–C2H4 bond should help to enhance the 
effects of the electronic modification of the copper(I) center. Indeed in the 
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ethene complexes, although the effect is statistically insignificant, it appears 
that the KD for the complex with the most electron rich copper(I) center (R = 
NMe2) is smaller than the others. 
The dissociation rate constants (k–1 in Equation 6.4, see Figure 6.15) were 
obtained from the traces of the dissociation phases of the gas exposure 
experiments. Both for the ethene and ethanol complexes the dissociation rate 
constants show a minimum at σp = –0.27 (R = OMe). For the ethanol complexes 
the experimental errors obscure whether or not both curves follow the same 
trend although this does appear to be the case. The rate of dissociation in the 
ethanol complexes is higher by a factor 1.5 – 2 in all cases. The KD and k–1 values 
observed for the ethene complexes and the ethanol complexes are listed in 
Table 6.1. As KD remains approximately stable irrespective of σp and KD = k–1/k1 
k1 must follow approximately the opposite trend. 
Table 6.1. KD and k–1 (10–3 s–1) with standard errors. 
 Ethene Ethanol 
 KD (ppb) ± k–1 ± KD (ppm) ± k–1 ± 
NMe2 110 34 8.2 0.09 3.15 1.0 11 4 
OMe   3.9 0.03   8 2 
H 230 26 7.9 0.03   13 2 
F   9.9 0.08 3.13 1.0 17 1 
Cl 208 66 15.2 0.08 3.91 0.9 25 2 
± indicates standard errors. 
 
As the MFCs could not be used to reliably produce concentrations lower than 
0.1 ppm the lower limit of detection remains elusive. It is possible however, to 
estimate a limit of detection using the best peak-to-peak noise that was 
observed (in the OTS modified substrates) of 1 mVG and to extrapolate the 
performance of the NMe2 substituted complex using the Langmuir isotherm fits 
for the ethene and ethanol detection experiments.  Assuming a signal-to-noise 
ratio of at least 2 is required to identify a signal the extrapolated lower limits of 
detection are approximately 2 ppb for ethene and 35 ppb for ethanol. By using 
graphene with higher charge carrier mobility and thus lower levels of intrinsic 
noise these limits can be lowered further. Additionally peak-to-peak noise could 
be replaced by the RMS-noise which offers considerably better signal-to-noise 
ratios. With these improvements detection limits well below 1 ppb should be 
attainable for both ethene and ethanol. 
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The coupling factor (Δq/C0)[on]max in Equation 6.3 can be extracted from the 
same fit as used for the equilibrium dissociation constants. This coupling factor 
determines the amplitude of the signal that is generated by the GFET upon 
exposure to the analyte. The coupling factors for the fitted curves are shown in 
Figure 6.16. The fitted coupling factors provide a number of interesting insights.  
 
Figure 6.16. The value of the coupling factors (Δq/C0)[on]max vs. the Hammett 
parameters σp of the substituents in the complexes [Cu(TpCF3,4-RPh)(MeCN)] that were 
used to sensitize the GFET devices. 
Particularly, whereas the KD  values showed no correlation with σp the coupling 
factors do. The second observation is that the coupling factors for the ethene 
and ethanol sensing experiments are quite similar; apparently the induced 
changes in the effective charge of the complexes as felt by the graphene are not 
very different. The second observation can be nuanced by noting that at 
negative σp values (and thus more polar complexes) the values obtained for the 
ethene and ethanol sensing experiments drift apart indicating that either the 
dipole moments of the ethene and ethanol complexes do not scale the same way 
to σp, or that the orientations of the complexes on the surface are not the same 
for all the complexes. The latter explanation is more plausible as the mechanism 
of assembly of the complex molecules on the graphene surface has a larger 
contribution from complex-complex interactions when the complex has a larger 
dipole moment. Changes in the exact orientation of the complexes on graphene 
would not only influence the projection of the dipoles on the graphene, but they 
might also change the stacking interactions between the complex and graphene. 
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The exact contributions of each factor cannot be extracted from the data shown 
in Figure 6.16. 
6.2.6. Mechanistic considerations 
The electrical responses generated by the GFETs upon analyte exposure are the 
result of changes in the doping levels of the graphene caused by chemical 
changes in the copper complexes. In order to understand how the complexes 
induce such changes in the doping levels the surface chemistry of the GFET 
must be understood. Typically in GFETs the strongest signals are generated by 
direct charge injection into the graphene by analyte molecules, such as the 
generation of holes (oxidation) by NO2. However, as the complexes used in this 
work are neither strongly reducing nor strongly oxidizing such a direct charge 
injection cannot be the mechanism by which doping levels are modulated.  
Instead a more subtle mechanism such as modulation of the field effect by the 
dipole moments of the molecules must be responsible for the generated signals. 
As the dipole moment of a molecule has a direction depending on the geometry 
of the molecule any anisotropic arrangement of the molecules on the graphene 
surface will effectively result in the attraction or repulsion of charges in the 
graphene towards or away from the molecules.  
The presence of strongly electron-withdrawing trifluoromethyl groups on the 
3-positions of the ligands  causes the dipole moments of their copper(I) 
compounds to range from very small when the phenyl rings are functionalized 
with electron-withdrawing groups (e.g. R = CF3) to very large (R = NMe2). As the 
orientation of the dipole vectors of the molecules with respect to the graphene 
surface influences the magnitude of the imposed electric field, the linear 
correlation between the factor Δq/C0 and the Hammett σp parameters of the 
substituents on the ligands suggests that the complex molecules are similarly 
oriented with respect to the graphene surface. The notable exception is the 
GFET sensitized with [Cu(TpCF3,4-CF3Ph)(MeCN)] which generates a signal with 
the expected amplitude but the opposite sign.  
To rationalize the obtained results it is instrumental to consider the structures 
of the complex molecules in their “on” and “off” states. The structures of the 
“on” states, after exposure of the GFETs to ethene, are assumed to resemble 
those of the structures determined with X-ray crystallography.[20] The 
structures of the ethanol complexes are not known but can reasonably be 
expected to be similar to those of the carbon monoxide or acetonitrile 
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complexes with the oxygen atom of the ethanol molecule coordinated to the 
copper center. 
The exact identity of the “off” state complexes is less evident. The “off” state of 
a carbon nanotube-based device sensitized with [Cu(Tp(CF3)2)] was proposed to 
consist of a trigonal copper(I) complex in which one of the pyrazoles had 
dissociated from the copper(I) center in favour of coordination to the carbon 
nanotube. Such a structure may be the result of a local-minimum during 
calculations as its formation was found to be energetically highly unfavourable 
using DFT calculations.[4] A more likely proposal in our eyes would be that the 
“off” state consists of species like the mononuclear 16-electron complex that 
forms upon dissociation of the analyte or its symmetric dimer.  
  
Scheme 6.3. Proposed mechanism for the detection of gaseous analytes. The 
irreversible loss of the acetonitrile ligand liberates the 16-electron complex which can 
then dimerize or react with ethene (or ethanol). 
Such a dimeric structure has not been reported with the ligand [TpCF3,Ph]– but  
crystal structures of such dimers have been reported for copper(I) scorpionate 
complexes such as [Cu(TpCF3,Me)]2, [Cu(TpPh2)]2, [Cu(TptBu)]2 and 
[Cu(TptBu,Me)]2.[27-29] It has been reported that in solution the complex 
[Cu(TptBu,Me)(MeCN)] exists in equilibrium with the dimer [Cu(TptBu,Me)]2; in 1H 
NMR only the acetonitrile complex and the dinuclear complex were 
observed.[27] It can be concluded therefore, that in solution the interconversion 
between the mononuclear 16-electron species [Cu(TptBu,Me)] and the dimer 
[Cu(TptBu,Me)]2 proceeds rapidly and nearly quantitatively. Evidence for the 
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equilibrium between the mononuclear and dinuclear species in solution was 
found in all cases, it is therefore reasonable to assume that this equilibrium 
extends to the complexes used in this work.  
To gain insight into the dipole moments of the complexes and the influence of 
the substituents on the ligands copper(I) complexes of the most electron-
donating (R = NMe2), the most electron-withdrawing (R = CF3) and the ligand in 
between (R = H) were modelled using density functional theory at the ZORA-
OPBE QZ4P level of theory. The calculated dipole moments show a clear 
distinction between the ethene and ethanol complexes and the mononuclear 
“off” states which have significant, predictable dipole moments and the 
dinuclear “off” state complexes which have dipole moments of nearly zero 
Debye (see Figure 6.17).  
 
Figure 6.17. Dipole moments of the ethene (black), ethanol (red), mononuclear 16-
electron (green) and dinuclear (blue) complexes as found for the structures of the 
complexes after geometric optimization using DFT (ZORA-OPBE/QZ4P, vacuum) vs. the 
Hammett σp parameters of the substituents on the hydridotrispyrazolylborate ligands. 
The proposed mechanism shown in Scheme 6.3 relies on the conversion of the 
complexes in the “on” state to the dinuclear complexes. As evident from DFT 
calculations the dipole moments of the complexes show little change upon 
dissociation of the ethene or ethanol ligands. Only when the dinuclear species 
are formed the dipole moment becomes nearly zero. This result confirms the 
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hypothesis that the “off” state consists of the dimeric complexes rather than the 
mononuclear 16 electron complexes. 
 
Figure 6.18. Optimized geometries for [Cu(TpCF3,Ph)(C2H4)] (a), [Cu(TpCF3,Ph)(C2H5OH)] 
(b), [Cu(TpCF3,Ph)] (c) and [Cu(TpCF3,Ph)]2 (d) and their dipole moments computed at the 
ZORA-OPBE/QZ4P level of theory in vacuum.  
The expected trends are clearly visible; as the substituent R becomes more 
electron-donating the dipole moments of the complexes increase. The deviation 
from the expected line in the ethanol complexes is due to a distortion in the 
model caused by a hydrogen bond between the ethanol ligand and one of the 
fluorine atoms. This deviation is not observed in any of the gas sensing results 
and must be an artifact as the calculations were performed in vacuum. 
Additionally it is important to keep in mind that the exact structures, and thus 
their dipole moments, are affected by external forces such as packing effects on 
the graphene and π-stacking interactions between the complex molecules. The 
calculated values do show however, that the dipole moments of the molecules 
can be related to the Hammett σp parameters of the substituents on the ligands, 
which reinforces the impression that deviations from the trend in the gas 
sensing results are most likely due to differences in the exact orientations of the 




We have successfully demonstrated the use of a series of copper(I) 
hydridotrispyrazolylborate complexes as sensitizers for a GFET based gas 
sensor. We showed that reproducible, homogeneous deposition of the copper 
complexes on graphene samples can be achieved using a simple dip-coating 
method and that the resulting layers have thicknesses of only a few monolayers. 
The use of device transconductance to adjust the output signals of the GFETs 
proved to be an effective method to remove device-dependent variations, which 
resulted in the observation of trends that can be related to the properties of the 
copper complexes. Cognizant of the observations from AFM, ellipsometry, gas 
detection experiments and DFT calculations we formed a complete image of the 
surface chemistry on the GFET devices, which we believe to be best described 
as a highly dynamic system wherein dinuclear complexes react with gaseous 
analytes through a coordinatively unsaturated mononuclear intermediate 
complex to form tetrahedral complexes with dipole moments that are 
dependent on the ligand used. The use of a Langmuir adsorption isotherm 
allowed for the extraction of KD, k–1 and the coupling factors (Δq/C0)[on]max. 
Somewhat surprisingly, the KD values of the ethene and ethanol complexes were 
found to depend only slightly on the electronic properties of the ligands. 
Instead, variations in the amplitudes and the signs of the responses generated 
by the devices upon exposure to ethene and ethanol were found to scale with 
the dipole moments of the complexes with deviations from the predicted values 
resulting from differences in the orientations of the complexes on the graphene 
surface. 
The GFET devices described here can be used for extremely sensitive detection 
of ethene at biologically relevant concentrations. The application of the 
complexes on a graphene surface using dip-coating provides a convenient 
handle for the fabrication of the devices on a larger scale. By integration into a 
single device of several graphene lanes functionalized with different complexes 
the high sensitivity offered by some complexes can be combined with the larger 
range of sensitivity of other complexes to produce devices capable of highly 
sensitive detection in wide ranges of concentrations. We believe these devices 
can be used to great benefit in the reduction of the ethene-induced spoilage of 
fruits and vegetables during transport and storage and potentially represent 




6.4.1. General considerations 
All manipulations of air-sensitive compounds were performed in an 
atmosphere of purified argon gas using standard Schlenk techniques. The 
synthesis of the sodium salts of the ligands was described previously.[20] All 
solvents were purchased from commercial sources and reagent grade. The 
graphene used in this work was purchased from Graphenea Inc. Solvents used 
for air-sensitive manipulations were dried and deaerated using a PureSolv MD 
5 Solvent Purification System and stored on 3 Å molecular sieves under argon. 
When appropriate, glassware was flame dried in vacuo immediately prior to 
use. NMR spectra were recorded on a Bruker AV500 spectrometer (500 MHz 
for 1H, 471 MHz for 19F and 126 MHz for 13C). Elemental analyses were 
performed by the Microanalytical laboratory Kolbe in Germany. IR spectra were 
recorded on a Perkin Elmer UATR Two FT-IR spectrometer set to a resolution 
of 1 cm–1. ESI-MS spectra of compounds in MeCN were recorded on a Thermal 
Finnigan AQA ESI-MS system. Contact angles were determined using a Ramé-
Hart goniometer using drops of milli-Q water. Multiple drops were used and the 
results averaged. Ellipsometry was performed using a Vase Ellipsometer from 
J.A. Woollam Co. Inc. and fitted using a Cauchy model. Data analysis was 
performed using Origin 9.1 (OriginLab). AFM experiments were performed 
using a Nanoworld USC-FO.3-KO.3 tip in a JPK NanoWizard 4a NanoScience 
AFM. Calculations were performed with the Amsterdam Density Functional 
(ADF) software at the ZORA-OPBE/QZ4P level of theory in vacuum using the 
crystal structures of [Cu(TpCF3,4R-Ph)(C2H4)] (R = NMe2, H and CF3) and 
[Cu(TpPh2)]2 or modified versions thereof as the initial structures.[20, 28, 30] 
6.4.2. Lock-in technique 
When used for ultrasensitive detection, the resistance change of the GFETs 
might be very small and overwhelmed by noise. In order to recover the very 
weak (and in our case very slow) sensing signal, we employed a lock-in 
amplifier (HF2LI, Zurich Instruments) to measure with very narrow bandpass 
filters (~1 Hz). We used the HF2LI to generate a sinusoidal alternating voltage 
(10 Vpk, frequency 10-100 kHz) to drive a sinusoidal alternating current 
through a 1 MΩ resistor (as a current source, 10 µApk or 7.07 µArms). This 
current source was connected to the GFETs (with resistances on the order of 1 
kΩ) in series to drive a constant current Iac (7.07 µArms) through the GFETs. 
The resultant voltage drop VG across the GFETs (proportional to graphene 
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resistance RGr=VGr/Iac) was monitored versus time at a bandwidth of ~1 Hz 
using the ZiControl (Zurich Instruments) program. A noise frequency sweep 
was performed before every measurement to identify the testing frequencies 
with minimum noise power spectrum density (PSD), and thus optimizing the 
signal-to-noise ratio (SNR). A temperature sensor (Pt100) was mounted at the 
outlet of the gas tube and the gas temperature could be read off in-situ 
(experiments were conducted at room temperature).  
6.4.3. Silanization of the wafer substrates 
Si wafers with 288 nm SiO2 were cleaned by rinsing with 2-propanol and milli-
Q water. After being blown dry the substrates were immersed in a warm 
piranha solution for at least 60 minutes, rinsed with de-ionized water and dried 
at 150 °C for one hour. Thus cleaned, hydrophyllized and dried the substrates 
were immersed in a 10% solution of trimethoxyoctadecylsilane (OTS, Sigma-
Aldich, 90+%) in hexane and incubated at 60 °C overnight. For trimethylsilane 
(TMS) modification TMSCl was used instead in combination with a few drops of 
ethyldiisopropylamine. The following day the substrates were rinsed 
sequentially using hexane, toluene, ethanol and water before being heated at 
110 °C for at least one hour. The quality of the surface modifications was 
verified by sessile drop contact angle measurements which showed contact 
angles of ~100° for the OTS-modified surfaces and ~84° for TMS-modified 
surfaces. 
6.4.4. Graphene deposition 
The transfer of the chemical vapor deposition graphene films from Cu film to 
the substrate is done by first spin-coating a relatively thick PMMA (poly(methyl 
methacrylate)) layer over the graphene film on copper. After etching away any 
graphene that is not covered by the PMMA by oxygen plasma, the Cu film is 
dissolved in an ammonium persulfate solution. The solution is then completely 
exchanged multiple times with deionized water to remove as much of the 
dissolved salts as possible. Eventually, the graphene together with the polymer 
film is left floating in the aqueous phase from which it is carefully scooped up 
using a SiO2/Si substrate. The PMMA film is dissolved using acetone, leaving 
uniform, large area monolayer graphene on the substrate for further 
processing. In order to remove residues left behind during the final washing 
step the graphene can be further cleaned by annealing in forming gas (8:2 
Ar/H2, 1-10 mbar, 80 sccm flow) at 350 °C for one hour. In case OTS-modified 
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substrates were used milder annealing conditions (160 °C, one hour) were used 
to preserve the OTS layers.  
6.4.5. Device construction 
Silicon substrates with graphene and Au electrodes were immersed for 10 
minutes in 10 mM dichloromethane solutions of the copper complexes. The 
samples were then extensively rinsed using a stream of pure dichloromethane 
from a syringe before being blown dry in a stream of argon (Linde gas, 4.6 N) 
filtered through PTFE filter (pore size 0.45 µm) to exclude dust. The samples 
were annealed at 50 °C for 10 minutes and then immediately installed in the 
flow cell and flushed with air (200 sccm) for several hours to stabilize drift. 
6.4.6. Synthesis of the copper(I) hydridotrispyrazolylborate acetonitrile 
complexes [Cu(TpCF3,4R-Ph)(MeCN)] 
General procedure 
The sodium hydridotrispyrazolylborate (1.00 g, 1.14 – 1.38 mmol) was 
dissolved in dichloromethane (50 mL) or toluene (50 mL, only used in the case 
of NaTpCF3,4F-Ph) and the solution was purged with argon to remove dissolved 
dioxygen. After bubbling for five minutes [Cu(MeCN)4]SbF6 (1.0 equivalent) 
was added. The solution was left to stir under argon overnight. The following 
day the stirring was stopped to allow the NaSbF6 by-product to settle. The 
supernatant was then siphoned off and filtered through a syringe filter (0.45 
µm, PTFE). The clear solutions were evaporated to dryness in vacuo to yield the 
complexes as white solids. The complexes thus obtained were typically of good 
purity, additional purification could be performed by recrystallization of the 
complexes using DCM/Et2O, DCM/pentane or storage of a concentrated 
solution of a complex in DCM at –20 °C. 
[Cu(TpCF3,4CF3-Ph)(MeCN)] 
Performed using half amounts of all compounds, yield 381 mg (87%). 1H NMR 
(500 MHz, CD2Cl2) δ 7.21 (d, J = 8.3 Hz, 6H), 6.98 (d, J = 8.3 Hz, 6H), 6.61 (s, 3H), 
4.37 (bs, 1H), 2.32 (s, 3H). 19F NMR (471 MHz, CD2Cl2) δ –61.84, –63.48. 13C NMR 
(126 MHz, CD2Cl2) δ 148.66, 142.49 (q, J = 37.8 Hz), 134.68, 131.02 (q, J = 33.1 
Hz), 130.46, 124.99, 124.13 (q, J = 272.0 Hz), 121.53 (q, J = 269.3 Hz), 114.55, 
105.10, 1.16. Elemental analysis calculated (%) for 





Yield 963 mg (95%). 1H NMR (500 MHz, CD2Cl2) δ 7.01 (d, J = 8.4 Hz, 6H), 6.79 
(d, J = 8.4 Hz, 6H), 6.54 (s, 3H), 4.38 (bs, 1H), 2.30 (s, 3H). 19F NMR (471 MHz, 
CD2Cl2) δ –62.00. 13C NMR (126 MHz, CD2Cl2) δ 148.98, 142.20 (q, J = 37.4 Hz), 
135.09, 131.40, 129.56, 128.34, 121.61 (q, J = 269.4 Hz), 114.41, 104.65 (q, J = 
1.7 Hz), 2.70. Elemental analysis calculated (%) for C32H19BCl3CuF9N7·0.1DCM 
(found): C 44.74 (44.48), H 2.25 (2.42), N 11.38 (11.18).  
[Cu(TpCF3,4F-Ph)(MeCN)] 
Yield 635 mg (63%). 1H NMR (500 MHz, CD2Cl2) δ 6.87 (ddd, J = 8.2, 5.2, 2.5 Hz, 
6H), 6.73 (t, J = 8.7 Hz, 6H), 6.52 (s, 3H), 2.30 (s, 3H). 19F NMR (471 MHz, CD2Cl2) 
δ –61.88, -113.25 (tt, J = 8.8, 4.7 Hz). 13C NMR (126 MHz, CD2Cl2) δ 131.91 (d, J 
= 8.4 Hz), 115.05 (d, J = 22.0 Hz), 104.72 (q, J = 2.0 Hz), 1.15. Some resonances 
were not observed as a result of the low solubility of the compound and splitting 
caused by the fluoro substituents. Elemental analysis calculated (%) for 
C32H19BCuF12N7·0.7DCM·0.5toluene (found): C 47.81 (48.22), H 2.70 (2.52), N 
10.78 (10.37).  
[Cu(TpCF3-Ph)(MeCN)] 
Yield 897 mg (87%). 1H NMR (500 MHz, CD2Cl2) δ 7.27 (dd, J = 8.1, 6.5 Hz, 3H), 
6.95 (t, J = 7.6 Hz, 6H), 6.88 (dd, J = 7.9, 1.4 Hz, 6H), 6.55 (s, 3H), 4.66 (bs, 1H), 
2.30 (s, 3H). 19F NMR (471 MHz, CD2Cl2) δ –61.76. 13C NMR (126 MHz, CD2Cl2) δ 
150.44, 141.94 (q, J = 37.3 Hz), 131.07, 130.06, 128.61, 128.18, 121.83 (q, J = 
269.0 Hz), 114.32, 104.53 (q, J = 1.8 Hz), 2.69. Elemental analysis calculated (%) 
for C32H22BCuF9N7 (found): C 51.25 (51.11), H 2.96 (3.11), N 13.07 (12.73). 
[Cu(TpCF3,4OMe-Ph)(MeCN)] 
Yield 997 mg (97%). 1H NMR (500 MHz, CD2Cl2) δ 6.80 (d, J = 8.7 Hz, 5H), 6.51 
(d, J = 8.7 Hz, 6H), 6.49 (s, 3H), 4.53 (bs, 1H), 3.78 (s, 9H), 2.29 (s, 3H). 19F NMR 
(471 MHz, CD2Cl2) δ –61.68. 13C NMR (126 MHz, CD2Cl2) δ 150.99, 150.40, 
141.51 (q, J = 37.0 Hz), 130.96, 122.00 (q, J = 268.6 Hz), 118.83, 114.09, 111.44, 
103.29, 40.17, 2.73. Elemental analysis calculated (%) for C35H28BCuF9N7O3 
(found): C 50.05 (49.99), H 3.36 (3.31), N 11.67 (11.61). 
[Cu(TpCF3,4NMe2-Ph)(MeCN)] 
Yield 863 mg (84%). 1H NMR (500 MHz, CD2Cl2) δ 6.74 (d, J = 8.8 Hz, 6H), 6.43 
(s, 2H), 6.26 (d, J = 8.8 Hz, 6H), 4.70 (s, 1H), 2.92 (s, 18H), 2.28 (s, 3H). 19F NMR 
(471 MHz, CD2Cl2) δ –61.61. 13C NMR (126 MHz, CD2Cl2) δ 160.07, 150.13, 
141.80 (q, J = 37.3 Hz), 131.46, 123.56, 121.86 (q, J = 268.8 Hz), 114.26, 113.41, 
103.97, 55.43, 2.70. Elemental analysis calculated (%) for 
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C38H37BCuF9N10·0.5C5H12 (found): C 53.15 (53.30), H 4.74 (4.26), N 15.30 
(15.59). 
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For almost a century ethene has been known to affect climacteric plants in both 
desirable and undesirable ways. Unfortunately many of the food crops 
humanity relies on for nutrition are such climacteric plant species and 
significant quantities of food are lost to ethene-induced spoilage during 
transport and storage. In order to respond to rising ethene concentrations and 
prevent spoilage, detection of ethene at the low range of biologically relevant 
concentrations is required which poses a technological challenge.  
Ethene is a highly diffusive, relatively unreactive molecule and therefore 
difficult to detect. Further complicating the detection of ethene is the fact that 
biologically relevant concentrations of ethene are extremely low with threshold 
concentrations that typically vary between 10 ppb and 1000 ppb. Our current 
ability to monitor ethene at the required low concentrations relies on the use 
of techniques like gas chromatography and photoacoustic detection. Both 
techniques require large and expensive equipment and are poorly suited for 
applications in shipping and transport. Clearly, there is a need for smaller, more 
cost-effective alternatives that are suitable for transport with the produce. 
A useful source of inspiration for the development of novel sensors is the 
mechanism of detection of ethene in nature where ethene is bound by 
copper(I)-containing transmembrane proteins such as ETR-1 inducing 
responses to small quantities of ethene. A suitable class of copper complexes 
that can be employed in a similar role is found in the copper(I) 
hydridotrispyrazolylborate complexes, which have been used to model 
biologically relevant systems such as hemocyanin.  
Such copper(I) compounds have also been used as sensitizer molecules to 
detect ethene in a carbon nanotube-based device. The carbon nanotube-based 
system in particular showed promise for the sensitive detection of ethene but 
failed to provide sufficient sensitivity and stability. The aim of the work 
described in this thesis was to explore the chemistry of potentially useful 
copper(I) hydridotrispyrazolylborate complexes and to employ them as 
sensitizers for highly sensitive ethene sensors based on graphene. 
In Chapter 1 an introduction into the horticultural relevance of ethene is 
provided. This is followed by a summary of the techniques that represent the 
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current state of the art in ethene detection and few examples of copper(I) and 
silver(I)-based systems that were examined as ethene detection platforms. 
7.1.2. Phosphorescent copper(I) complexes of [MpPh2]– 
In the process of familiarization with the synthetic chemistry of 
hydridotrispyrazolylborate ligands a batch of potassium trihydrido(3,5-
diphenylpyrazol-1-yl)borate (KMpPh2) was obtained. As the chemistry of 
copper(I) monopyrazolylborate complexes is relatively unexplored it was 
decided to prepare a number of copper(I) compounds using this 
monopyrazolylborate ligand in combination with phosphane co-ligands. The 
phosphanes used in the investigations described in Chapter 2 are 
triphenylphosphane, 1,2-bis(diphenylphosphanyl)ethane (dppe) and 1,2-
bis(diphenylphosphanyl)benzene (dppbz), ranging from conformationally 
entirely flexible (PPh3) to almost entirely rigid (dppbz). The resulting 
complexes were analyzed using NMR, infrared spectroscopy and X-ray 
crystallography revealing the expected mononuclear structures for the PPh3 
and dppbz complexes, but an unexpected dinuclear structure for the dppe-
containing complex. The formation of disproportionation products was not 
observed for any of the complexes.  
The dppbz complex was found to emit a bright cyan luminescence, whereas the 
other complexes showed only weak luminescence upon irradiation with UV-
light. Time-resolved luminescence experiments showed that the bright cyan 
emission of the dppbz complex is due to phosphorescence while the PPh3 and 
dppe complexes show mainly fluorescence, a difference that is attributed to the 
conformational stiffness of the dppbz complex. The excited state of the dppbz 
complex was modelled using TD-DFT (B3LYP/ATZP) and found to be best 
described as a mixed triplet state composed of a metal-to-ligand charge transfer 
from the copper(I) ion to the dppbz ligand and a ligand-to-ligand charge 
transfer from the [MpPh2]– ligand to the dppbz ligand, 3(MLCT + LLCT). 
7.1.3. Naphthyl-substituted hydridotrispyrazolylborate ligands and their 
copper(I) complexes 
For hydridotrispyrazolylborate ligands to be applicable for use in ethene 
detection a number of requirements must be met: the resulting copper(I) 
complexes must be air stable; the complexes must be sterically restrictive 
enough to prevent the undue coordination of as many other ligands as possible 
and the complexes must interact well with the substrate that generates the 
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actual signal (e.g. carbon nanotubes or graphene). To satisfy these 
requirements a pair of ligands was devised incorporating strongly electron-
withdrawing trifluoromethyl groups for the stabilization of the copper(I) 
oxidation state and naphthyl groups capable of pi-stacking, [TpCF3,nNt]– (n = 1 or 
2). The synthesis, physical properties and copper(I) coordination compounds 
of these ligands is described in Chapter 3. 
To examine the influence of the subtle difference between these ligands that 
arises from the connecting carbon of the naphthyl ring, the ethene and carbonyl 
copper(I) complexes were prepared and studied using 1H and 13C NMR, infrared 
spectroscopy and X-ray crystallography. The X-ray crystal structures were 
obtained of both ethene complexes [Cu(TpCF3,nNt)(C2H4)] and of the sodium salt 
NaTpCF3,2Nt. The compound NaTpCF3,2Nt was found to crystallize as a dinuclear 
complex with bridging aqua ligands; completing the coordination spheres of the 
octahedrally coordinated sodium ions are nearby fluorine atoms from 
trifluoromethyl groups of the hydridotrispyrazolylborate ligands. The two 
copper-ethene complexes were found to have nearly identical coordination 
pockets. The 1-naphthyl substituents were found to have larger torsion angles 
with respect to the pyrazole rings than the 2-naphthyl groups. NMR and IR 
spectroscopy revealed that the electron density on the copper(I) ions varies, 
with the most electron-poor copper(I) centers being present in the 1-naphthyl 
substituted complexes. As the bond distances and angles in the coordination 
pockets containing the ethene and carbonyl ligands are nearly identical the 
electronic differences must thus be the result of the different conformations of 
the naphthyl groups.  
The sodium salts of the ligands and all the complexes showed distinctly 
different tendencies to crystallize. The 1-naphthyl substituted complexes were 
found to be slow to crystallize, forming foams, slowly crystallizing oils and 
amorphous materials instead. In stark contrast to the tedious crystallizations of 
the 1-naphthyl substituted compounds the 2-naphthyl substituted species 
showed a pronounced tendency to crystallize. An important consequence of the 
different crystallizing behavior of the two ligands and their complexes is an 
equally pronounced difference in their solubility in most organic solvents. The 
1-naphthyl species tend to mix with even the smallest amounts of most solvents 
to form viscous oils that appear to be miscible in any proportion while the 2-
naphthyl substituted ligand and particularly its copper(I) complexes are poorly 
soluble in most solvents. This difference is caused by the difference in the 
rotational freedom of the 1-naphthyl and 2-naphthyl groups and allows access 
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to complexes that are relatively similar in structure but with strongly different 
solubilities, which might prove useful for future catalysis research. 
A downside of the necessary inclusion of trifluoromethyl groups on the 
pyrazole rings is the limitation it imposes on potential π-stacking interactions 
of the ligand with carbon materials and the steric bulk of the coordination 
pocket surrounding the copper(I) center. The trifluoromethyl groups were 
therefore omitted entirely in favor of di-aryl substituted 
hydridotrispyrazolylborate ligands. The ligands described in Chapter 4 are 
symmetrically substituted with either two phenyl rings [TpPh2]– or two n-
naphthyl groups [TpnNt]– (n = 1 or 2). The copper(I) complexes of these ligands 
were found to have varying degrees of oxidative stability in air. Typically in the 
solid state the ethene and carbonyl complexes were found to decompose only 
very slowly if at all. In solution however, the complexes rapidly decomposed to 
form green solutions. The X-ray crystal structures of the ethene complexes 
[Cu(TpPh2)(C2H4)] and [Cu(Tp2Nt2)(C2H4)] were obtained, showing the expected 
tetrahedral coordination cavities with varying degrees of distortion as a result 
of π-stacking interactions between the complexes. The phenyl-substituted 
complex revealed interactions between the phenyl rings and the ethene ligand; 
similar interactions are suspected to occur in the 2-naphthyl complex but the 
more pronounced distortion resulting from the increased π-stacking 
interactions obscure this effect.  
The difference in the crystallizing behavior of the 1- and 2-naphthyl substituted 
ligands reported in the Chapter 3 was observed to be even more pronounced in 
the dinaphthyl-substituted complexes. Whereas the bis(2-naphthyl)-
substituted complexes crystallized readily the corresponding 1-naphthyl-
substituted complexes did not. As early in the synthetic route towards to the 
complexes as the synthesis of 3,5-di(1-napthyl)pyrazole did the tendency to 
form oils over solids become apparent. The non-crystalline behavior of the 1-
naphthyl species is assumed to be the result of the limited rotational freedom 
of the 1-naphthyl group, an effect that was also clearly visible from the NMR 
experiments of the ethene complex, showing strong peak broadening in half of 
the naphthyl resonances. A strong indication that such limited conformational 
freedom is at least partially due to interactions with the ethene ligands is that 
the carbonyl complex shows no such peak broadening. Further indications of 
the presence of polar interactions between the ethene ligands and the 
hydridotrispyrazolylborate ligands is the unusually large upfield shift observed 
for the ethene protons on NMR.  
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As the dinaphthyl-substituted species should be capable of relatively strong π-
stacking interactions with carbon materials the carbonyl complexes on 
graphene and HOPG were examined using ellipsometry, AFM and STM. It was 
found that both complexes form multilayered structures on the graphene 
through what is thought to be a Stranski-Krastanov type mechanism. On STM it 
was unambiguously confirmed that the 2-naphthyl complex forms clearly 
ordered monolayer structures. In general it appears that the crystallization on 
the macro-scale is at least indicative for the type of ordering of the complexes 
on a graphene surface. 
7.1.4. The influence of electronic modification of the ligands in isosteric 
complexes 
A series of hydridotrispyrazolylborate ligands was prepared, with a number of 
different substituents based on the common template [TpCF3,4-RPh]– (R = NMe2, 
OMe, H, F, Cl, CF3 or NO2). In Chapter 5 the X-ray crystal structures are described 
of many of the resulting ethene and carbonyl complexes; the complexes all have 
nearly identical coordination cavities. The substituents R were selected based 
on their Hammett σp parameters and their compatibility with the forcing 
conditions required for the synthesis of the ligands. The resulting ethene and 
carbonyl complexes were studied using NMR and IR spectroscopy; the 
properties such as the chemical shifts of the ethene protons and CO-stretching 
frequencies were found to match nicely to the expectations based on the σp 
parameters of the substituents. However, a number of anomalous observations 
occurred such as the unexpectedly high CO-stretching frequency of [Cu(TpCF3,4-
NMe2Ph)(CO)] and the unexpectedly low CO-stretching frequency of [Cu(TpCF3,4-
NO2Ph)(CO)]. Upon closer inspection it was found that the ligand [TpCF3,4-NO2Ph]– 
had not formed with the expected structure but had instead formed as an 
asymmetric ligand with one of the pyrazole rings counter-rotated placing the 
phenyl-ring in the 3-position. The protons of the resulting ethene complex 
showed a considerably larger upfield shift than the other complexes. In general 
it can be concluded that it is possible to create ligands and copper complexes 
with nearly identical coordination cavities whilst greatly changing their 
electronic properties. Furthermore it was found that the electron density on the 
copper(I) centers is linearly correlated with the Hammett σp parameters of the 
substituents installed on the ligands. 
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7.1.5. Ethene detection using copper(I) sensitized graphene devices 
Copper(I) acetonitrile complexes were synthesized of the ligands described in 
Chapters 3 and 5 and were deposited onto graphene field-effect transistors by 
means of a simple dip-coating procedure. The surfaces thus obtained were 
studied using AFM showing disordered but otherwise flat surfaces. Similar to 
the observations described in Chapter 4 the complexes appeared to assemble 
on the graphene surface as thin multilayers of between 2 and 5 monolayers. 
When exposed to ethene gas the surfaces appeared to diffuse indicating 
significant mobility of the complexes on the graphene surface.  
The GFETs were used in gas-detection experiments with ethene and ethanol 
(for comparison) and were found to be extremely effective gas sensors with 
detection limits well below 100 ppb for ethene and 1 ppm for ethanol. The 
kinetics of the interactions between the gases and the copper(I) complexes 
were studied and found to correspond well to expectations with considerably 
higher equilibrium dissociation constants for ethanol than for ethene. A 
mechanism is proposed that explains the observed type and intensity of the 
response of the sensors upon exposure to ethene gas and their correspondence 
with the Hammett σp parameters of the substituents. In the proposed 
mechanism the “on” state that is formed upon exposure to the analyte gas is 
composed of the ethene (or ethanol) complex whereas the “off” state consists 
of a dinuclear species that forms as a result of the rapid dimerization of the 
mononuclear 16-electron species. Using DFT calculations (ZORA-OPBE/QZ4P) 
the dipole moments of some of the complexes (R = CF3, H and NMe2) were 
determined. The values of the calculated dipole moments clearly show that the 
mononuclear 16-electron species cannot represent the “off” states as their 
dipole moments approximate those of the “on” state complexes whereas the 
dinuclear species have dipole moments close to 0 D. 
7.2. Conclusions 
The aim of the research described in this thesis was the development of small 
and affordable ethene sensors. The copper(I) complexes that were studied were 
found to display a remarkable flexibility with respect to properties such as 
solubility, crystallinity and electron density on the copper(I) center even when 
the coordination cavity of the copper(I) ion was kept constant. Using the 
dinaphthyl-substituted ligands the self-assembly of the complexes on graphene 
was found to conform to known mechanisms producing homogeneous surfaces 
that are ideal for gas sensing. The ligands and the complexes that were 
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synthesized provided the knowledge and materials required to produce a set of 
GFET devices in which the predictable electronic properties of the complexes 
was combined with the extraordinary properties of graphene to produce 
ethene (and ethanol) sensors with excellent sensitivities and detection limits. 
The ethene sensors described in this work can serve as the stepping stone 
towards commercially viable devices that can be shipped with produce in order 
to increase general knowledge and control of ethene concentrations during 
transport. Hopefully, one day such knowledge will help to eradicate completely 
the loss of valuable fruits and vegetables in transport and storage. 
7.3. Outlook 
Research is a field where answers to questions more often than not come in the 
form of new questions. This is also the case in this thesis where the complexes 
that were developed for use in an ethene sensor not only generated ethene 
sensors of great sensitivity and selectivity but also a host of follow-up questions 
and potential points to fine-tune. A number of such points are addressed below. 
The complex [Cu(MpPh2)(dppbz)] that is described in Chapter 2 was found to be 
not only brightly phosphorescent but also entirely heteroleptic. Luminescent 
copper(I) complexes are the focus of some research as they potentially give 
access to phosphors of much reduced prices and much improved availability 
compared to the currently available molecules which are typically expensive 
iridium complexes. A downside of the copper(I) complexes that are being 
researched is ligand scrambling which results in the formation of unwanted, 
less luminescent species. The combination of a rigid phosphane with a mono-
anionic pseudo-bidentate ligand like [MpPh2]– was found to give access to stable 
heteroleptic complexes. Additionally the anionic ligand allows researchers to 
forgo optimizing the counterion which otherwise affects crystal packing. In all, 
the facile synthesis of the ligand and its complexes appears to be a fertile source 
for the future development of luminescent compounds. 
The complexes described in Chapters 3 and 4 comprise naphthyl groups in two 
orientations. The seemingly small differences between the ligands give rise to a 
number of unexpectedly large effects on the macroscale. The observed 
differences in crystal packing in particular offer promise for further use in a 
variety of applications such as the strong packing effects seen in the 2-naphthyl 
substituted species, which might aid in the further development of luminescent 
species such as, potentially, [Cu(Mp(2Nt)2)(dppbz)]. In contrast, the distinct lack 
of crystal packing that occurred in the 1-naphthyl substituted species can be 
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exploited when higher solubilities are required as was the case in the dip-
coating experiments.  
In addition to the different solid-state behavior of the compounds there is the 
photophysical aspect of using larger aromatic systems which gives access to 
low-lying excited states. Especially considering the fact that aziridination and 
cyclopropanation catalysis are expected to proceed via radical mechanisms 
involving redox chemistry on the copper centers the exploitation of such 
excited states offers potential for interesting future research in which the 
catalytically active states can be induced by exposing the catalysts to UV-light. 
At the very least the influence of light on such reactions should be studied as 
many of the copper(I) complexes reported in this thesis were found to be at 
least somewhat luminescent upon UV-irradiation. 
With regards to catalysis the complexes in Chapter 5 in particular offer great 
promise. By combining the trends observed and expected in these complexes 
with the kinetic information gained in Chapter 6 the way is open for thorough 
and exploration of the electronic effects of the ligand on copper-catalyzed 
aziridination and cyclopropanation reactions. The results described in Chapter 
5 and 6 showed clearly that occasional deviations from the expected trends 
exist and the spectrochemical series reported in Chapter 5 should allow for 
clear discrimination between outliers and actual unexpected chemistry. A 
possible improvement on the ligands in Chapter 5 would be the inclusion of 
more sterically hindered groups in the 3-positions and the use of nitro- or 
cyano-groups instead of the fluorinated groups that were employed to date. 
The dip-coating procedure used to prepare the thin layers of the complexes on 
graphene was found to result in fairly homogeneous layers. The exact influence 
of factors such as the substrate, the solvent, the concentration of the adsorbing 
species etc. have not been studied in depth. In a world where work at the 
nanoscale is fast becoming the norm simple methods for epitaxial growth are 
likely to be of increasing importance which necessitates their further 
development. Particularly the use of “capping agents” should be examined. A 
capping agent would consist of an otherwise non-participating molecule that 
can stack on top the first monolayer of functional material. This way stabilized 
monolayers could be grown even when non-two-dimensionally stacking 
molecules are applied to a flat surface such as graphene. 
Finally, the ethene (and ethanol) sensors described in Chapter 6 should be 
refined and made ready for commercial applications. The devices that were 
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described in this thesis were found to have excellent sensitivities to ethene and 
ethanol. Earlier work on carbon nanotubes reported good selectivity which 
should be equally good in the GFET devices. The exclusion of the remaining 
cross sensitivities is a logical point of interest and should be attainable using 
coatings and reference sensors. Such coatings could consist of thin hydrophobic 
materials containing embedded catalyst particles to scrub gases like water 
vapor, nitrogen oxides and carbon monoxide. In the case of other cross-
sensitivities such as ethanol a better solution might be to explicitly determine 
the identity and quantity of these unintentional analytes using multiple 
different complexes on multiple strips of graphene. The use of more than a 
single sensor per device allows for the construction of a “nose” in which the 
detection of more than a single analyte not only improves the accuracy of the 
results but also adds a wealth of additional information. In addition to ethene 
such a GFET-nose might provide high-fidelity information regarding 
concentrations of water-vapor, carbon dioxide, ethanol, ammonia etc. all at the 
same time from a single, affordable device.  
Further, more precise characterization of the exact behavior of the complexes 
combined with the use of other complexes optimized for interaction with other 
gases would result in a technology so powerful it should be considered 
disruptive. It is no stretch of the imagination that GFET-based sensors will one 
day be found not only in transport of sensitive produce but also in  cars, 





I. Risk Analysis and Technology Assessment 
In this appendix the risks associated with the use of the technology described in 
this thesis is evaluated using a SWOT analysis. The outcome of the SWOT analysis 
is taken as the basis for further evaluation of the technology with respect to its 
status as a potentially disruptive technology and the potential for future 
exploitation. Suggestions for societal and technological points of interest and 




I.1. Risk analysis 
I.1.1. S.W.O.T. analysis 
In order to assess the ethene sensor described in this work as a technology it is 
important to evaluate the potential for failure and success early in the process 
of application development. A popularly used cognitive tool in such evaluations 
is the SWOT-analysis in which the for major factors contributing to the success 
or failure of a technology are visually presented as quadrants termed 
“Strengths”, “Weaknesses”, “Opportunities” and “Threats”. The quadrants 
represent essentially the pros and cons of a technology with respect to its 
technological and societal impact. “Strengths” and “Weaknesses” are taken to 
describe the internal properties of a technology while “Opportunities” and 
“Threats” are considered as the external influences on the potential for the 
success of the technology.  
I.1.2. Strengths 
The ethene sensor described in Chapter 6 of this thesis has a number of distinct 
advantages over competing ethene sensors. These advantages form the basis of 
the added value proposition of the product which will eventually be the result of 
the groundwork laid out in this thesis. An added value proposition as 
envisioned currently could be: 
“Inexpensive, high resolution ethene sensing on a per-package level.” 
This added value proposition includes a number of inherent strengths such as 
the low costs associated with the use of miniaturized, mass produced 
electronics and the high sensitivities for ethene achieved using the GFET 
devices. The main strengths of the copper(I) hydridotrispyrazolylborate 
complex-sensitized GFET sensor are: 
• Sensitivity 
• Affordability 
• Low power requirements 
• Small physical size 
• Inherently good analyte specificity 
• Potential for expansion of the concept to other analytes 
The ability of an ethene sensor to detect ethene at biologically relevant 
concentrations (i.e. sub-ppm) is a crucial factor in the applicability of the sensor. 
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The GFET sensors described in Chapter 6 showed sensitivities that cover a wide 
enough range of atmospheric ethene concentrations. The responses to ethene 
were shown to be dependent on the copper(I) hydridotrispyrazolylborate 
complex used to sensitize the GFET. In an eventual sensor platform these 
different response rates and intensities could be exploited in order to achieve 
good sensitivity both at the low end of concentrations as naturally encountered 
(< 100 ppb) and at the high end (> 1 ppm). 
At present sensors capable of detecting ethene at the required concentrations 
are not suitable for shipping with produce due to their associated costs. High 
energy requirements and physical properties such as excessive space 
requirements and sensitivity to shocks render sensing technologies such as gas 
chromatography and laser-acoustic detection inapplicable for in-transport 
ethene detection. A sensor based on these technologies would effectively raise 
the costs of a refrigerated container by unacceptable margins not only because 
refrigerated containers are comparatively affordable but also as the expensive 
sensor would be prime targets for theft. The GFET sensor can be miniaturized 
and integrated directly onto a printed circuit board. Packaging of the resulting 
device could be as simple as stiff aluminized polymer-based “blister” packages. 
The resulting devices could be assembled using commercially available 
electronics assembly equipment. The use of, currently costly, graphene will not 
add significantly to the price of the product as graphene prices are expected to 
fall steeply in the coming years as CVD production methods mature.  
Competing ethene sensor platforms typically rely on the availability of 
effectively unlimited power supplies in the form of wall-mounted electrical 
outlets. Gas chromatographs require significant amounts of energy to cycle  
their ovens through temperature gradients and laser-acoustic devices rely 
multi-Watt designs in which heat must be actively dissipated. The use of a GFET 
device allows for low-power operation as the method of detection does not rely 
on the use of high power in order to improve signal-to-noise ratios. Instead 
methods such as averaging over many GFETs and integration over time can be 
used, all using the same low-power regime (< 1 W). The ability to produce 
biologically meaningful data using a low-power device enables the devices to 
be transported with the produce without the requirement for modification of 
existing refrigerated containers. Additionally the low-power requirements of a 
GFET ethene sensor allow for complete integration of the power source (i.e. a 
battery) into the device packaging which improves the reliability of the product. 
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The small physical sizes of ethene sensors offered by the use of GFET devices 
(essentially a single electronic part) are among the most important benefits of 
the GFET ethene sensor. The use of small devices poses multiple benefits for 
sensors: the use of shorter wiring reduces electrical noise (improving signal to 
noise ratios); the use of less parts reduces part-based failures and improves 
reliability; small devices are physically more resilient and most importantly, a 
small sensor can be shipped directly in the same container (i.e.: a cardboard box 
or a crate) as the produce which it is meant to monitor without taking up space 
that would otherwise be occupied by the product. Current ethene detection 
methods rely on bulky bench-top devices and would never be shipped directly 
with agricultural products. Even miniaturized versions of gas chromatographs 
require packaging larger than a GFET based ethene sensor. 
Typically cross sensitivity of a sensor for other, unintentional analytes is the 
main barrier to applicability. In the GFET ethene sensors this cross sensitivity 
is well understood and limited through the use of judiciously selected copper(I) 
hydridotrispyrazolylborate complexes. The use of copper(I) 
hydridotrispyrazolylborate complexes as outlined in this thesis is an inherent 
source of analyte specificity in the GFET ethene sensors. Steric hindrance 
around the copper(I) ions lowers binding affinities for molecules larger than 
ethene and effectively serves as a screening based on a physical property of the 
analyte (molecular size). Furthermore, non π-acceptor ligands such as water, 
ammonia and ethanol induce weaker responses in the sensor as direct 
consequence of the chemistry of the copper(I) hydridotrispyrazolylborate 
complexes. These screening capabilities inherent to the use of the copper(I) 
complexes can be further utilized in a sensor by employing multiple channels 
carrying various different copper(I) hydridotrispyrazolylborate sensitizers as 
this allows for “fingerprinting”. In fingerprinting the characteristic aggregate 
responses of the differently sensitized sensors are used to recognize and 
quantify the presence of non-target analytes. 
The lessons learned during the development of the GFET ethene sensor can be 
applied other similar sensors in which other transition metal complexes or 
biological sensitizers are used to the same effect for other analytes. This 
potential allows for the development of other, similar sensors without the need 
to re-identify the influence of outside factors such as the presence of water and 
the effect of temperature on the sensor. The ability to extend the knowledge 
gained thus far in the GFET platform may even enable the future production of 
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sensor devices carrying multiple different sensitizers in on a single device 
which offers enormous potential for fingerprinting and further miniaturization. 
I.1.3. Weaknesses 
Potential risks associated with a new technology can be divided roughly into 
physical and non-physical effects. Physical effects include the effects of a 
technology on human and animal health, safety risks like fire, the slow release 
of toxic or unpleasant (by)products and the production of nuisance effects such 
as loud noises. Non-physical effects consist primarily of societal impacts such 
as popular perception (“how will the product be perceived?”) and economic 
effects of a new technology. The potentially negative physical implications of 
the GFET based ethene sensor are taken to be the internal “cons” of the 
technology and are the “Weaknesses” in this SWOT analysis. Non-physical 
aspects of the technology will be discussed in the “Threats” section. 
The GFET ethene sensor has few weaknesses as a technology; it does not 
include significant amounts of harmful materials, there is little or no risk of 
release of harmful material in the course of normal use and the sensor produces 
no waste products during operation. A weakness of this technology that 
surfaces after operation is its reliance on non-renewable or poorly recyclable 
materials such as silicon and polymers. The future use of renewable materials 
such as biobased polymers and alternative substrate materials may alleviate 
this weakness. In the short- to middle-term however, this is unlikely to be the 
focus of product development as currently available and well-understood 
materials will be preferred to suppress costs and avoid unforeseen 
technological hurdles. 
Another weakness of the GFET ethene sensor is the use of the nanomaterial 
graphene. Past experiences with “miracle materials” such as asbestos have 
tempered expectations and paved the way for early careful studies into 
potentially negative short- and long-term effects of nanotechnologies. 
Fortunately the study of nanomaterials as potentially risky materials has been 
a field of intense debate and study ever since nanomaterials began to gain 
traction as a popular field of study. Applications involving a product based on 
the use of a nanomaterial such as graphene are therefore important to review 
carefully with respect to the likelihood of inadvertent release of the 
nanomaterial and the effects such a release would cause. As the graphene in the 
GFET ethene sensor is a two-dimensional material stacked directly onto a 
substrate there is a significant attractive interaction between the substrate and 
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the graphene. The potential for inadvertent release of the graphene can 
therefore be considered to be extremely small. The likelihood of the 
unintentional release of graphene is further reduced by the packaging and any 
layers applied directly on top of the graphene. The risk of releasing graphene is 
therefore essentially negligible; this means the associated risk of health damage 
caused by exposure to graphene coming from a GFET ethene sensor is therefore 
dependent almost entirely on the health effects of graphene on the human body. 
If the effect is large even a small chance of inadvertent release of graphene is 
unacceptable while in the case of limited or even absent negative health effects 
the release of graphene constitutes no effective risk.  
I.1.4. Opportunities 
The opportunities associated with the sensors consist of external beneficial 
factors which will influence the eventual success of the sensor. These external 
factors can be divided roughly into two categories: the integration of the 
sensors into the market and the societal implications thereof.  
The integration of a new technology into a market relies on the size of the 
market and the supply and demand. Currently the market for ethene sensors is 
relatively small due to the unavailability thus far of ethene sensors that can be 
applied in the current market setting. Large, expensive devices are available 
which can be applied in sufficiently secure stationary settings such as 
greenhouses and laboratories but the type of small, affordable sensor that can 
be shipped directly with the produce so far does not exist. The effect of this 
limited availability is that information regarding ethene levels is sometimes 
available during production and storage but never of the intermittent period of 
shipping. This hiatus has primed markets for the introduction of the sensors 
that were pioneered in this thesis. Whether the eventual demand in the market 
can be satisfied by supply will be a deciding factor in the success of the sensors. 
Once the market has been opened up however, there is much potential for 
expansion of the market into other settings such as auction sites, flower shops, 
supermarkets and even industrial settings like petroleum cracking units. The 
cooperation with an industrial partner will hopefully give the technology the 
required impetus on its way to the market while the remaining technological 
and fundamental challenges should ensure sufficient interest from academic 
partners thus giving the technology a solid footing upon which further research 
and development may be based. 
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The societal implications of the sensors are considerably more nebulous in 
nature. Nonetheless, some predictions can be made. An important aim of the 
sensors outlined in this thesis is to aid in the reduction of the enormous 
amounts of food that go to waste due to ethene-related spoilage. In this sense it 
is not hard to imagine that the successful exploitation of the sensors would 
result in a dramatic improvement of the availability of certain produce. The 
greater supply is likely to lower prices and give more people access to more 
varied diets. Another likely outcome of the potential drop in prices is a 
reduction in the amount of the shipping movements required to satisfy demand 
which will have a beneficial impact on the amount of greenhouse gases emitted 
per ton of food. Another beneficial aspect is a rise in awareness of the 
sustainability of foods supplies that is likely to be the result of increased 
information supply to consumers. 
I.1.5. Threats 
As always aside from the prospective benefits there is potential for negative 
external effects or threats. The largest threat to the technology is obviously the 
emergence of another, competing technology. Considering the performance and 
scalability of the sensors described in this thesis the risk is considered quite 
small however. A more pronounced threat to the success of the sensors is the 
potential for negative societal implications. The introduction of a new 
technology typically includes a phase in which only a select number of partners 
participates. The effort to expedite the introduction of a technology into the 
markets often results in initial partners that are already players of significance 
in their field. The associated risk, particularly in an agricultural setting, is that 
smaller, independent producers (e.g. poor farmers) will be left behind in the 
rapidly developing markets. Social and economic inclusion of such vulnerable 
groups is a vital aspect of their emancipation and development and must not be 
forgotten, to do so would diminish the sustainable and beneficial character of 
the technology. 
I.2. Conclusions 
The sensors described in Chapter 6 of this thesis have good potential for 
commercial exploitation because of the solid technological footing and the 
cooperation of industrial and academic partners. There is a large potential 
market to exploit with other markets that could be opened up later. The 
technology carries significant potential for sustainable applications including 
the use of sustainable materials in its production and the reduction of food 
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spoilage in transport and shipping. The associated weaknesses and threats are 















II.1. Crystallographic information  
All reflection intensities were measured at 110(2) K using a SuperNova 
diffractometer (equipped with Atlas detector) with Cu Kα radiation (λ = 
1.54178 Å) under the program CrysAlisPro (Version 1.171.36.28 Agilent 
Technologies, 2013). The same program was used to refine the cell dimensions 
and for data reduction. The three structures were solved with the program 
SHELXS-2013 (Sheldrick, 2013) and were refined on F2 with SHELXL-2013.[1] 
Analytical numeric absorption corrections based on a multifaceted crystal 
model were applied using CrysAlisPro. The temperature of the data collection 
was controlled using the system Cryojet (manufactured by Oxford 
Instruments). The H atoms were placed at calculated positions (unless 
otherwise specified) using the instructions AFIX 23,AFIX 43 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 times Ueq of the 
attached C atoms. All H atoms attached to the B atoms were found from 
difference Fourier maps, and their coordinates and isotropic temperature 
factors were refined freely. CCDC 1401836, CCDC 1401835 and CCDC 1401834 
contain the supplementary crystallographic data for the complexes 
[Cu(MpPh2)(PPh3)2], [Cu(MpPh2)(dppe)]2 and [Cu(MpPh2)(dppb)] respectively. 
The .cif files can be obtained free of charge from The Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  
II.1.1. [Cu(MpPh2)(PPh3)2] 
The structure is ordered. 
II.1.2. [Cu(MpPh2)(dppe)] 
The asymmetric unit contains the halves of two crystallographically 
independent molecules (Z’ = ½ + ½, both molecules are found at sites of 
inversion symmetry). The structure is mostly ordered. One phenyl group 
attached to P3 is found to be disordered over two orientations, and the 
occupancy factor of the major component of the disorder refines to 0.569(11).  
II.1.3. [Cu(MpPh2)(dppb)] 
The structure is mostly ordered. The crystal lattice contains voids that are 





Table II.1. Crystallographic information for [Cu(MpPh2)(PPh3)2], [Cu(MpPh2)(dppe)] and 
[Cu(MpPh2)(dppb)]. 
Compound [Cu(MpPh2)(PPh3)2] [Cu(MpPh2)(dppe)] [Cu(MpPh2)(dppb)] 
Formula C51H44BCuN2P2 C82H76b2cu2N4P4 C45H38BCuN2P2 
Fw 821.17 1390.04 815.67 
Space group P21/c (no. 14) P–1 (no. 2) Pbca (no. 61) 
T (K) 110(2) 110(2) 110(2) 
λ (Å) 1.54178 1.54178 1.54178 
a (Å) 13.04536(17) 14.3479(3) 20.8546(3) 
b (Å) 19.3289(2) 15.0936(3) 18.1767(3) 
c (Å) 16.4610(2) 18.6635(4) 21.7876(3) 
α (°) 90 113.3834(19) 90 
β (°) 94.0570(12) 90.3367(17) 90 
γ (°) 90 106.9970(17)) 90 
V (Å3) 4140.28(9) 3513.42(14) 8259.0(2) 
Z 4 2 8 
ρ (calc) (g/cm3) 1.317 1.314 1.312 
µ (mm–1) 1.761 1.973 1.778 
Refl #, Refl Unique 25674, 8126 43558, 13797 34642, 8099 
R1/wR2 [I > 2σ(I)] 0.0291/0.0779 0.0388/0.1110 0.0407/0.1083 
R1/wR2 [all refl.] 0.0307/0.0791 0.0432/0.1150 0.0471/0.1140 
GOF 1.034 1.023 1.035 
Δρ, e– (Å–3)  –0.45 – 0.41 –0.68 – 0.56  –0.45 – 0.73 
 
 
Figure II.1. Deconvolution of the Gaussians 1 and 2 under the emission curve of 
[Cu(MpPh2)(dppbz)] at 298 K. 












Gaussian 1 (481 nm)




Figure II.2. Normalized ratios of the integrals of the blue and green Gaussians in Figure 
II.1 from 98 K to 278 K in a crystalline sample of [Cu(MpPh2)(dppb)] excited at 380 nm. 
 
 
Figure II.3. Negative mode ESI-Mass spectrum of KMpPh2 in methanol. 











































III.1. Crystallographic information 
Table III.1. Crystallographic and structure refinement data for complexes [Na2(TpCF3,1Nt)2(acetone)2], 
[Cu(TpCF3,1Nt)(C2H4)] and [Cu(TpCF3,2Nt)(C2H4)]. 
Compound [Na2(TpCF3,1Nt)2(acetone)2] [Cu(TpCF3,1Nt)(C2H4)] [Cu(TpCF3,2Nt)(C2H4)] 
Formula C90H62B2F18N12Na2O2·DCM C44H29BCuF9N6 C44H29BCuF9N6 
Fw 1838.04 885.16a 887.08 
Space group P–1 (no. 2) P21/n (no. 14) P21 (no. 4) 
T (K) 110(2) 110(2) 110(2) 
λ (Å) 1.54178 1.54178 1.54178 
a (Å) 11.1120(3) 18.4669(3) 8.94453(16) 
b (Å) 11.3747(4) 11.5665(2) 15.1026(2) 
c (Å) 18.9605(3) 18.5249(3) 14.1544(3) 
α (°) 87.5891(19) 90 90 
β (°) 88.4513(17) 98.0459(15) 97.8444(17) 
γ (°) 61.160(3) 90 90 
V (Å3) 2097.36(11) 3917.92(11) 1894.16(6) 
Z 1 4 2 
ρ (calc) (g/cm3) 1.455 1.501 1.555 
µ (mm–1) 1.655 1.532 1.584 
No. of measured, 
independent and 
 observed [I > 2σ (I)] 
reflections 
27186, 8211, 7577 25580, 7711, 6551 25040, 7423, 7071 
R1/wR2 [I > 2σ(I)] 0.0337/0.0840 0.0446/0.1213 0.0346/0.0920 
R1/wR2 [all refl.] 0.0364/0.0862 0.0524/0.1275 0.0367/0.0940 
GOF 1.029 1.026 1.026 
∆ρmin, ∆ρmax (e Å-3) –0.28, 0.29 –0.58, 0.80 –0.47, 0.44 















IV.1. Crystallographic information 
Table IV.1. X-ray crystallographic data for [Cu(TpPh2)(C2H4)] and [Cu(Tp(2Nt)2)(C2H4)] 
 [Cu(TpPh2)(C2H4)]  [Cu(Tp(2Nt)2)(C2H4)] 
Chemical formula C47H38BCuN6 2(C71H50BCuN6)·3(DCM) 
Mr 761.18 2377.81 
Crystal system, space group Trigonal, R3c:H Monoclinic, C2/c 
T (K) 110 110 
a (Å) 16.1559(3) 33.0952(9) 
b (Å) - 10.6204(3) 
c (Å) 25.6568(6) 35.1414(10) 
α (°) - - 
β (°) - 111.348(3) 
γ (°) 120 - 
V (Å3) 5799.6(3) 11504.2(6) 
Z 6 4 
ρ (g/cm3) 1.308 1.373 
Radiation type Cu Kα Cu Kα 
µ (mm-1) 1.117 2.21 
Crystal size (mm) 0.47 × 0.32 x 0.23 0.27 × 0.21 × 0.13 
No. of measured, independent and 
 observed [I > 2s(I)] reflections 
10907, 2459, 2452 34168, 11268, 10091  
Rint 0.017 0.026 
(sin θ/λ)max (Å-1) 0.616 0.617 
R[F2 > 2s(F2)], wR(F2), S 0.020, 0.054, 1.06 0.035, 0.089, 1.04 
No. of reflections 2459 11268 
No. of parameters 190 802 
No. of restraints 27 87 
residual e density (e Å-3) 0.15, –0.31 0.62, –0.62 
















V.1. Crystallographic information 
Table V.1 Crystallographic and structure refinement data for Na4b and complexes 5b and 5c. 
Compound Na4b 5b 5c 
Formula C66H36B2F36N12Na2O2 C35H20BCuF18N6 C32H20BCl3cuF9N6 
Fw 1780.67 940.92 840.24 
Space group P-1 (no. 2) P-1 (no. 2) Pca21 (no. 29) 
T (K) 150(2) 110(2) 110(2) 
λ (Å) 1.54178 1.54178 1.54178 
a (Å) 11.2747(2) 11.2044(2) 17.33337(13) 
b (Å) 12.5762(3) 13.9379(2) 14.29443(11) 
c (Å) 14.4865(3) 24.6553(5) 27.03970(18) 
α (°) 109.484(2) 74.7263(15) 90 
β (°) 104.948(2) 83.9886(16) 90 
γ (°) 102.991(2) 73.3009(16) 90 
V (Å3) 1758.61(7) 3555.92(12) 6699.64(8) 
Z 1 4 8 
ρ (calc) (g/cm3) 1.681 1.758 1.666 
µ (mm–1) 1.645 2.101 3.898 
No. of measured, 
independent and 
 observed [I > 2σ (I)] 
reflections 





R1/wR2 [I > 2σ(I)] 0.0350/0.0867 0.0358/0.0927 0.0342/0.0938 
R1/wR2 [all refl.] 0.0377/0.0891 0.0390/0.0952 0.0353/0.0947 
GOF 1.022 1.020 1.039 
Δρmax, Δρmin (e Å-3) −0.27/0.28 −0.45/0.69 −0.36/0.57 
 
Table V.2 Crystallographic and structure refinement data for complexes 6d , 6f and Na4a’. 
Compound 6d 6f Na4a’ 
Formula C31H16BCuF12N6O C34H25BCuF9N6O4 C30H18BF9N9NaO7 
Fw 790.85 826.95 821.33 
Space group R3c (no. 161) P-1 (no. 2) P21/n (no. 14) 
T (K) 110(2) 110(2) 110(2) 
λ (Å) 1.54178 1.54178 1.54178 
a (Å) 13.98309(14) 14.7235(2) 9.32258(10) 
b (Å) 13.98309(14) 14.8744(2) 23.3536(3) 
c (Å) 29.4298(3) 16.4814(4) 15.70665(18) 
α (°) 90 70.1798(18) 90 
β (°) 90 88.5315(17) 97.3724(10) 
γ (°) 120 89.3415(13) 90 
V (Å3) 4983.38(11) 3394.53(11) 3391.32(7) 
Z 6 4 4 
ρ (calc) (g/cm3) 1.581 1.618 1.609 
µ (mm–1) 1.881 1.805 1.422 
Refl Obs 19972, 1992, 1984 39391, 14903, 12047 20217, 6614, 5643 
R1/wR2 [I > 2σ(I)] 0.0201/0.0587 0.0428/0.1393 0.0374/ 0.0941 
R1/wR2 [all refl.] 0.0202/0.0588 0.0538/0.1660 0.0459/ 0.1012 
GOF 1.058 1.016 1.028 




Table V.3 Crystallographic and structure refinement data for complexes 6b and 6c. 
Compound 6b 6c 
Formula C34H16bCuF18N6O C31H16bCl3cuF9N6O 
Fw 940.88 840.20 
Space group P21/c (no. 14) P21/c (no. 14) 
T (K) 110(2) 110(2) 
λ (Å) 1.54178 1.54178 
a (Å) 13.54010(9) 26.7585(2) 
b (Å) 26.17486(19) 15.10355(13) 
c (Å) 19.93841(15) 17.27070(15) 
α (°) 90 90 
β (°) 97.7916(7) 108.8056(9) 
γ (°) 90 90 
V (Å3) 7001.14(9) 6607.32(10) 
Z 8 8 
ρ (calc) (g/cm3) 1.785 1.689 
µ (mm–1) 2.158 3.978 
Refl Obs 46290, 13733, 12422 47458, 12945, 11966 
R1/wR2 [I > 2σ(I)] 0.0332/0.0853 0.0300/0.0808 
R1/wR2 [all refl.] 0.0374/0.0880 0.0333/0.0836 
GOF 1.032 1.031 
Δρmax, Δρmin (e Å-3) −0.39/0.43 −0.49/0.42 
 
 
Figure V.1. Projections of the structures of 5c (left) and 6c (right) with displacement 
ellipsoids plotted at the 50% probability level at 110(2) K. For clarity hydrogen atoms 





Figure V.2. Projections of the structures of 5d (left) and 6d (right) with displacement 
ellipsoids plotted at the 50% probability level at 110(2) K. For clarity hydrogen atoms 
and disordered fragments have been omitted. Symmetry operation ‘ = [1–y, x–y, z], “ = 
[1–x+y, 1–x, z]. 
 
Figure V.3. Projections of the structures of 5f (left) and 6f (right) with displacement 
ellipsoids plotted at the 50% probability level at 110(2) K. For clarity hydrogen atoms 













VI.1. Transconductance plots with OTS and TMS groups 
 
Figure VI.1. Transconductance characteristics of unfunctionalized GFETs with OTS 
(red) and TMS (blue) monolayers on the SiO2 surface.  
VI.2. Data processing 
Data processing for the signals obtained from the gas exposure experiments 
requires a number of steps that are visually outlined in Figure VI.5. 
In panel a the signal (black) is shown after normalization using the device 
transconductance, the signal is convoluted with noise and drift. To limit the 
influence of noise the floating average over 100 points (red) is sometimes 
useful. Averaging is typically only required in case of poor signal to noise ratios. 
In panel b the signal is shown once the baseline drift is subtracted. The signal is 
still convoluted with noise, in some case the drift in the baseline is too great to 
extract useful data, signal I is an example of such a signal. Such signals are not 
used. Signals II and III have the expected line shape and show clear steps when 
exposure with ethene gas is initiated or halted. When ethene gas is applied a 
pressure spike (caused by the MFCs) is clearly visible. In order to exclude the 
influence of the MFCs gas exposures were continued for a period of one hour 
 
201 
during which the signal stabilized. Upon cessation of exposure the signal 
returns to the baseline; this step height is taken as the signal intensity. In panel 
c the averaged response intensities at different concentrations of ethene gas are 
shown vs. the ethene concentrations. The red line is a fit using a Langmuir 
Isotherm from which KD  and (Δq/C0)×[on]max are extracted. 
  
Figure VI.2. a) Raw trace with a floating average in red. b) the same floating average 
after baseline subtraction, signal I is not used, II and III are useable signals. c) Langmuir 
fit (red line) through the average step heights (with standard errors) as a function of 
the analyte concentration. 
 
Figure VI.3. Floating average of the signal obtained when a GFET device comprising the 
sensitizer [Cu(TpCF3,4-CF3Ph)(MeCN)] was exposed to 10 ppm ethanol in air. Each 
exposure lasted 1 hour followed by one hour of air. The first ethene exposure occurs at 




Table VI.1. Responses to ethene (at saturation*) and 
ethanol (at 10 ppm) (ΔVG) ± standard error 
  Ethene Ethanol 
R σp ΔVG ± ΔVG ± 
Cl 0.23 119.6 12.7 92.5 4.8 
F 0.06 70.0 2.5 48.9 4.4 
H 0 -25.5 0.5 -24.4 11.2 
OMe -0.27 -60.3 2.0 -77.1 23.5 
NMe2 -0.83 -96.9 4.9 -129.6 13.9 
CF3 0.54 202 4.5 162.7 11.3 
(CF3)2 3.97 -202 4.5   
* Maximum value from Langmuir fit if available; otherwise 
the signal at 1 ppm is assumed to be saturated. 
 
Table VI.2. Ethene responses per concentration (ΔVG) with standard errors. 
[C2H4] (ppm) 
Cl F H 
ΔVG ± ΔVG ± ΔVG ± 
1 102.8 9.8 64.6 1.6 -21.1 0.9 
0.5 73.2 4.1 69.8 0.3 -16.8 5.5 
0.2 76.6 8.2 76.0 0.8 -12.4 4.1 
0.1 26.5 12.5 61.7 3.2 -7.6 3.0 
0 0.0  0.0  0.0  
[C2H4] (ppm) 
OMe NMe2 (CF3)2 
ΔVG ± ΔVG ± ΔVG ± 
1 -54.8 4.7 -98.7 8.3 101.6 16.1 
0.5 -62.6 5.8 -76.0 4.3 37.8 4.2 
0.2 -63.6 11.2 -61.1 5.8 16.2 2.0 
0.1 -54.7 8.9   8.7  
0 0.0  0.0  0.0  
 
Table VI.3. Ethanol, Coupling factors, KD and k–1 with standard errors. 
R σp 
(Δq/C0)[on]max KD k-1 
mV ± ppm ±  s–1 ± 
NMe2 -0.83 -181 20 3.15 1.0 0.0109 0.004 
OMe -0.27     0.0083 0.002 
H 0 -4.72 1.0 0.44 0.6 0.0130 0.002 
F 0.06 59.1 7.1 3.13 1.0 0.0168 0.001 
Cl 0.23 129 13 3.91 0.9 0.0252 0.002 
 
Table VI.4. Ethene, Coupling factors, KD and k–1 with standard errors. 
R σp 
(Δq/C0)[on]max KD k–1 
mV ± ppm ± s–1 ± 
NMe2 -0.83 -96.9 4.9 0.1101 0.034 0.0082 0.0009 
OMe -0.27 -60.3 2.0 0.0052 0.006 0.0039 0.0003 
H 0 -25.5 0.5 0.2304 0.026 0.0079 0.0003 
F 0.06     0.0099 0.0008 
Cl 0.23 119.6 12.7 0.2082 0.066 0.0152 0.0008 
CF3 0.54 95.8 9.1     
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VI.3. Raw Traces of the gas detection experiments 
Visible in the raw traces are the resistances of the GFET devices as measured 
over time. For the gas detection experiments the untreated (non-OTS) devices 
were used. Initially every GFET was exposed to 20 ppm ethene for a short 
period of time (typically 1 minute) after which air was blown over the devices 
to remove the ethene and as much other adsorbates as possible. Then 
exposures to the gases were performed. Exposure consisted of a flow of 200 
sccm admixed gas in technical air for one hour followed by  pure technical air 
for one hour. Before switching to a new gas air was flushed for 1.5 hours. The 
points marked “Start ethanol” and “Start CO” mark the point at which the first 
exposure to these gases occurred. Exposures were all conducted in triplicate at 
concentrations of 1.0, 0.5, 0.2 and 0.1 ppm (ethene), 10, 5, 2 and 1 ppm (ethanol) 
and 1.0 ppm CO (in some cases 1.0, 0.5, 0.2 and 0.1). The traces that are shown 
have not been corrected using transconductance and have not been baseline 
corrected except for R = F where ΔR is shown vs. an initial resistance of 321.5 
Ohm). The sharp peaks are the caused by the MFCs which are integrating 
devices which means they correct their flow after determining an initial flow, 
this causes a sharp spike followed by convergence towards a stable signal. The 
traces shown below have not been corrected for drift, noise and device 
transconductance. 
 
Figure VI.4. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 




Figure VI.5. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 
using [Cu(TpCF3,4RPh)(MeCN)] (R = OMe). 
 
Figure VI.6. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 




Figure VI.7. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 
using [Cu(TpCF3,4RPh)(MeCN)] (R = F). The resistance at t = 0 was substracted. 
 
Figure VI.8. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 




Figure VI.9. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 
using [Cu(TpCF3,4RPh)(MeCN)] (R = CF3). 
 
Figure VI.10. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 






Figure VI.11. Raw trace of the resistance (Ohm) vs. time (hours) of the device sensitized 
using [Cu(TpCF3,4RPh)(MeCN)] (bare Graphene, ethene exposures only). 
VI.4. Crystallographic information 
All reflection intensities were measured at 110(2) K using a SuperNova 
diffractometer (equipped with Atlas detector) with Mo Kα radiation (λ = 
0.71073 Å) under the program CrysAlisPro (Version 1.171.36.32 Agilent 
Technologies, 2013). The temperature of the data collection was controlled 
using the system Cryojet (manufactured by Oxford Instruments). CrysAlisPro 
program was used to refine the cell dimensions and for data reduction. The 
structure was solved by direct methods with SHELXS-2014/7 (Sheldrick, 2015) 
and was refined on F2 with SHELXL-2014/7 (Sheldrick, 2015). Analytical 
numeric absorption correction based on a multifaceted crystal model was 
applied using CrysAlisPro. The H atoms were placed at calculated positions 
(unless otherwise specified) using the instructions AFIX 43 or AFIX 137 with 
isotropic displacement parameters having values 1.2 or 1.5 Ueq of the attached 
C atoms. The H atoms attached to B1 was found from difference Fourier map, 
and its coordinates and isotropic temperature factor were refined freely. 
Analytical CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 (release 02-
08-2013 CrysAlis171 .NET) (compiled Aug  2 2013,16:46:58) Analytical 
numeric absorption correction using a multifaceted crystal model based on 
Appendix VI 
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expressions derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). 
Acta Cryst. A51, 887-897) 
The structure is partly disordered, two of the three −CF3 groups are found to be 
disordered over either two or three orientations. For the less disordered −CF3 
group, the occupancy factor of the major component of the disorder refines to 
0.77(2). For the more disordered −CF3 group, the three occupancy factors refine 
to 0.275(3) 0.394(3) and 0.331(3). The sum of those three occupancy factors 
was restrained to be 1 using the SUMP restraint. 
Table VI.5. Crystal data for [Cu(TpCF3,4-OMe-Ph)(MeCN)]. 
Chemical formula C35H28BCuF9N7O3 
Mr 839.99 
Crystal system, space group Monoclinic, P21/n 
Temperature (K) 110 
a, b, c (Å) 14.9284 (4), 11.1160 (3), 22.1547 (7) 
µ (°) 102.349 (3) 
V (Å3) 3591.38 (18) 
Z 4 
Radiation type Mo Kα 
µ (mm-1) 0.70 
Crystal size (mm) 0.43 × 0.37 × 0.34 
Data collection 
Diffractometer SuperNova, Dual, Cu at zero, Atlas diffractometer 
 Tmin, Tmax 0.790, 0.838 
No. of measured, independent and 
observed [I > 2σ(I)] reflections 
27839, 8255, 7045   
Rint 0.024 
R[F2 > 2σ (F2)], wR(F2), S 0.034,  0.083,  1.03 
No. of reflections 8255 
No. of parameters 598 
No. of restraints 115 
H-atom treatment H atoms treated by a mixture of independent and 
constrained refinement 
Δρmax, Δρmin (e Å-3) 0.33, -0.38 
Computer programs: CrysAlis PRO, Agilent Technologies, Version 1.171.36.32 
(release 02-08-2013 CrysAlis171 .NET) (compiled Aug  2 2013, 16:46:58), 
SHELXS2014/7 (Sheldrick, 2015), SHELXL2014/7 (Sheldrick, 2015), SHELXTL 




VI.5. Density Functional Theory 
VI.5.1. Program settings 
The Amsterdam Density Functional (ADF) program with DFT at the level of 
ZORA-OPBE/QZ4P was employed for all the calculations. Geometry 
optimizations for [CuTpCF3,4-CF3Ph)], [CuTpCF3,Ph)] and [CuTpCF3,4-NMe2Ph)] were 
conducted with C3 symmetry; the geometry optimizations for [CuTpCF3,4-
CF3Ph)(C2H4)], [CuTpCF3,Ph)(C2H4)] and [CuTpCF3,4-NMe2Ph)(C2H4)] were carried out 
with C1 symmetry. All calculations were performed in the gas phase. 
Table VI.6. Collected dipole moments as calculated for the ethene and ethanol 
complexes R = NMe2, H and CF3 and their respective mono- and dinuclear proposed 
resting states. (unit: Debye) 
R CF3 H NMe2 
[Cu(TpCF3,RPh)] 0.49948474 7.71935672 16.25651267 
[Cu(TpCF3,RPh)]2 0.76231604 0.16735481 0.19678718 
[Cu(TpCF3,RPh)(C2H4)] 1.90391701 6.62530646 15.01153011 
[Cu(TpCF3,RPh)(C2H5OH)] 4.88608573 5.61705720 11.89985192 
 
VI.6. Projections of all optimized structures 
 
Figure VI.12. Projection of the structure of [Cu(TpCF3,4-CF3Ph)] (left) and [Cu(TpCF3,4-
CF3Ph)(C2H4)] (right) after geometry optimization at the ZORA-OPBE/QZ4P level of 




Figure VI.13. Projection of the structure of [Cu(TpCF3,4-CF3Ph)(C2H5OH)] (left) and 
[Cu(TpCF3,4-CF3Ph)]2  (right)  after geometry optimization at the ZORA-OPBE/QZ4P level 
of theory in vacuum. Parts of the molecule are shown as wireframes for the sake of 
clarity. 
 
Figure VI.14. Projection of the structure of [Cu(TpCF3,Ph)] (left) and [Cu(TpCF3,Ph)(C2H4)] 
(right) after geometry optimization at the ZORA-OPBE/QZ4P level of theory in vacuum. 
Parts of the molecule are shown as wireframes for the sake of clarity. 
 
Figure VI.15. Projection of the structure of [Cu(TpCF3, Ph)(C2H5OH)] (left) and 
[Cu(TpCF3,Ph)]2 (right) after geometry optimization at the ZORA-OPBE/QZ4P level of 




Figure VI.16. Projection of the structure of [Cu(TpCF3,4-NMe2Ph)] (left) and [Cu(TpCF3,4-
NMe2Ph)(C2H4)] (right) after geometry optimization at the ZORA-OPBE/QZ4P level of 
theory in vacuum. Parts of the molecule are shown as wireframes for the sake of clarity. 
 
Figure VI.17. Projection of the structure of [Cu(TpCF3,4-NMe2Ph)(C2H5OH)] (top) and 
[Cu(TpCF3,4-NMe2Ph)]2  (bottom) after geometry optimization at the ZORA-OPBE/QZ4P 









Al bijna een eeuw is het bekend dat etheen climacterische planten kan 
beïnvloeden op wenselijke en vooral minder wenselijke manieren. Helaas zijn 
veel van de plantensoorten waarvan de mensheid afhankelijk is voor haar 
voedselvoorziening dergelijke climacterische planten en gaan jaarlijks grote 
hoeveelheden voedsel verloren ten gevolge van bederf veroorzaakt door 
etheen. Om dergelijke verliezen te kunnen beperken is het nodig om etheen te 
kunnen detecteren in de laagste concentraties van het biologisch relevante 
bereik wat ons voor een technologische uitdaging stelt. 
Etheen is een uiterst vluchtige, slechts matig reactieve stof en is daardoor 
moeilijk te detecteren. De detectie van etheen wordt nog verder bemoeilijkt 
door de doorgaans zeer lage concentraties die men aantreft in biologische 
systemen; drempelwaardes voor etheen liggen doorgaans in het bereik tussen 
10 en 1000 ppb. De huidige technieken waarmee dergelijke, zeer lage  
etheenconcentraties gemeten worden zijn gaschromatografie en 
fotoakoestische detectie. Beide technieken vereisen het gebruik van dure grote 
apparaten en zijn mede daardoor niet bijzonder geschikt voor gebruik tijdens 
transport over land en over zee. Het moge duidelijk zijn dat er behoefte bestaat 
aan kleinere, goedkopere alternatieven die wel geschikt zijn voor gebruik 
tijdens het transport van groente en fruit. 
Een nuttige bron van inspiratie voor het ontwerpen van een etheensensor is de 
natuur. In de natuur wordt etheen gebonden door koper(I)houdende 
transmembraaneiwitten zoals ETR-1 welke een grote respons op kunnen 
wekken bij blootstelling aan zeer lage concentraties etheen. Een toepasselijk 
soort kopercomplexen om dergelijke chemie mee na te bootsen treft men aan 
in de vorm van koper(I) hydridotrispyrazolylboraat complexen die dan ook al 
gebruikt worden om biologisch relevante systemen zoals hemocyanine mee na 
te bootsen. 
Dergelijke koper(I)-verbindingen zijn al eens toegepast als sensibilisatoren 
voor de detectie van etheen met behulp van een op koolstofnanobuizen 
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gebaseerd systeem. Het resulterende systeem bleek veelbelovend voor 
gevoelige etheendetectie maar behaalde niet het benodigde bereik en bleek ook 
niet erg stabiel te zijn. Het doel van het werk dat beschreven is in dit proefschrift 
was om de chemie van potentieel nuttige 
koper(I)hydridotrispyrazolylboraatcomplexen te verkennen en om ze toe te 
passen als sensibilisatoren in uiterst gevoelige etheensensoren op grafeenbasis. 
In Hoofdstuk 1 word de landbouwkundige relevantie van etheen 
geïntroduceerd gevolgd door een korte bespreking van de huidige stand van de 
techniek op het gebied van etheendetectie. Voorts worden nog enkele 
voorbeelden van op koper(I)- en zilver(I)-gebaseerde systemen voor binding 
van etheen besproken. 
Fosforescente koper(I) complexen van [MpPh2]– 
Tijdens de verkenning van de synthetische chemie van 
hydridotrispyrazollylboraatliganden werd onbedoeld een hoeveelheid kalium 
trihydrido(3,5-difenylpyrazol-1-yl)boraat (KMpPh2) verkregen. Omdat de 
chemie van koper(I)monopyrazolylboraatcomplexen nog nauwelijks verkend 
is werd besloten om een aantal van zulke verbindingen te maken met fosfanen 
als coliganden. De fosfanen die gebruikt zijn in het onderzoek zoals dat 
beschreven staat in Hoofdstuk 2 zijn trifenylfosfaan (PPh3), 1,2-
bis(difenylfosfanyl)ethaan (dppe) en 1,2-bis(difenylfosfanyl)benzeen (dppbz). 
Deze fosfanen zijn in afnemende mate sterisch flexibel. De resulterende 
complexen zijn geanalyseerd met NMR, infrarood spectroscopie en 
Röntgendiffractie waaruit bleek dat de PPh3- en dppbz-complexen de 
verwachte mononucleaire structuren hadden maar dat het dppe-bevattende 
complex een onverwachte dinucleaire structuur had. De vorming van 
bijproducten als gevolg van disproportionering werd niet waargenomen. 
Bij blootstelling aan ultraviolet licht bleek het dppbz-complex een felle 
luminiscentie in het cyaan te vertonen, de andere complexen waren slechts 
zwak luminiscent. Tijdsopgeloste luminiscentie metingen lieten zien dat de 
sterke emissie van het dppbz-complex wordt veroorzaakt door fosforescentie 
terwijl de emissies van de andere complexen vooral door fluorescentie wordt 
veroorzaakt. Het verschil wordt verklaard aan de hand van de structurele 
starheid van het dppbz-complex die in de andere complexen veel kleiner is. De 
aangeslagen toestand van het dppbz-complex werd onderzocht met behulp van 
TD-DFT (B3LYP/ATZP) en bleek het best te te omschrijven als een gemengde 
triplettoestand bestaande uit elektronenoverdracht van het 
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trihydridoboraatligand en het koper(I)ion naar het dppbz ligand, 3(MLCT + 
LLCT). 
Naftyl-gesubstitueerde hydridotrispyrazolylboraat liganden en de koper(I) 
complexen daarvan 
Om hydridotrispyrazolylboraatliganden toe te kunnen passen voor 
etheendetectie moet aan een aantal voorwaarden voldaan worden: de 
resulterende koper(I)-complexen moeten luchtstabiel zijn; de complexen 
moeten sterisch genoeg bulk hebben om zoveel mogelijk andere mogelijk aan 
het koperion bindende moleculen weg te houden van het koperion en de 
complexen moeten zo sterk mogelijke interactie vertonen met het substraat dat 
het uiteindelijke signaal voortbrengt (zoals koolstofnanobuizen of grafeen). Om 
aan deze voorwaarden te voldoen is een paar liganden ontwikkeld waarin sterk 
elektronenzuigende trifluoromethylgroepen het koper(I)ion stabiliseren en 
naftylgroepen π-interacties faciliteren, [TpCF3,nNt]– (n = 1 of 2). De synthese, 
fysische eigenschappen en de koper(I)-complexen van deze liganden zijn 
beschreven in Hoofdstuk 3. 
Om de invloed te onderzoeken van de subtiele verschillen tussen de liganden 
die onstaan door de naftylringen aan andere koolstofatomen te verbinden 
werden de carbonyl- en etheencomplexen met koper(I) vervaardigd. De 
complexen werden bestudeerd met behulp van 1H en 13C NMR, infrarood 
spectroscopie en Röntgendiffracite. De kristalstructuren van de 
etheencomplexen [Cu(TpCF3,nNt)(C2H4)] en het natriumzout NaTpCF3,2Nt werden 
verkregen. NaTpCF3,2Nt blijkt te kristalliseren als een dinucleaire verbinding met 
bruggende watermoleculen, de eerste coordinatieschil van de octaëdrische 
natriumionens wordt gecompleteerd door door nabij gelegen fluoratomen van 
de hydridotrispyrazolylboraatliganden. De etheencomplexen bleken nagenoeg 
identieke coordinatiecentra te bevatten. Het bleek dat de 1-naftylsubstituenten 
grotere torsiehoeken hadden ten opzichte van de pyrazoolringen dan de 2-
naftylsubstituenten. Uit NMR en infraroodspectroscopie bleek dat de de 
elektronendichtheid op de koper(I)-ionen varieert en dat de meest 
elektronenarme koper(I)-centra voorkomen in de complexen met de 1-
naftylgesubstitueerde liganden. Aangezien de bindingshoeken en afstanden in 
de etheencomplexen bijna identiek zijn moeten de elektronische verschillen het 
gevolg zijn van de verschillende conformaties van de naftylgroepen.  
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De natriumzouten en de kopercomplexen van de naftyl-bevattende liganden 
vertonen sterke verschillen in hun neiging om te kristalliseren. De 1-
naftylgesubstitueerde verbindingen kristalliseren slechts langzaam en vormen 
vaak schuimen of oliën die langzaam of zelf helemaal niet kristalliseren. 
Daarentegen kristalliseren de 2-naftylverbindingen wel zeer goed. Een 
belangrijk gevolg van dit verschil, met name voor de koper(I)-complexen, is een 
evenzo groot verschil in hun oplosbaarheid in de meeste organische 
oplosmiddelen. De 1-naftylverbindingen mengen over het algemeen goed met 
zelfs kleine hoeveelheden oplosmiddel en vormen daarbij visceuze oliën die in 
elke verhouding lijken te mengen. De 2-naftylverbindingen daarentegen en de 
koper(I)-complexen in het bijzonder, lossen slechts matig op in de meeste 
oplosmiddelen. Dit verschil wordt veroorzaakt door de verschillende 
rotationele vrijheid van de 1- en 2-naftylgroepen. Dit verschil verschaft de 
mogelijkheid om zeer gelijkende verbindingen te synthetiseren met toch sterk 
verschillende fysische eigenschappen wat nuttig kan zijn voor toekomstig 
katalyseonderzoek. 
Een keerzijde van de noodzakelijke toepassing van trifluoromethylgroepen is 
dat ze de π-interacties met een substraat beperken en dat ze wellicht niet 
sterisch hinderend genoeg zijn om in voldoende mate kruisgevoeligheid van 
een sensor uit te sluiten. De trifluormethylgroepen werden derhalve in de 
volgende serie liganden vervangen door aromatische groepen. De liganden die 
hieruit voortkwamen zijn beschreven in Hoofdstuk 4 en bestaan uit de 
symmetrisch digesubstitueerde hydridotrispyrazolylboraatliganden [TpPh2]– 
en [TpnNt]– (n = 1 of 2) met respectievelijk fenyl- of naftylgroepen op de 
pyrazoolringen. De koper(I)-complexen van deze liganden bleken in 
verschillende mate luchtstabiel te zijn. Doorgaans waren de etheen- en 
carbonylcomplexen in vaste toestand stabiel in lucht terwijl oplossingen snel 
geoxideerd raakten. De structuren van de complexen [Cu(TpPh2)(C2H4)] en 
[Cu(Tp2Nt2)(C2H4)] werden verkregen door Röntgendiffractie en vertoonden de 
verwachte tetraedrische coordinatie van de koper(I)-ionen met verschillende 
mates van vervorming tengevolge van π-interacties tussen de complex-
moleculen. [Cu(TpPh2)(C2H4)] blijkt interacties te vertonen tussen de 
elektronenwolken van de benzeenringen en de protonen van het etheenligand. 
Soortgelijke interacties lijken te bestaan in [Cu(Tp2Nt2)(C2H4)] maar zijn minder 




Het verschil in de neiging tot kristallisatie tussen de 1- en 2-
naftylgesubstitueerde verbindingen dat in Hoofdstuk 3 waargenomen werd is 
zo mogelijk nog sterker aanwezig in de dinaftylgesubstitueerde complexen. 
Daar waar de bis(2-naftyl)-verbindingen gemakkelijk kristalliseren doen de 
bis(1-naftyl)-verbindingen dat slechts zeer moeizaam. Al vroeg in de 
syntheseroute naar het uiteindelijke ligand bleek dat de bis(1-
naftyl)verbindingen bij voorkeur oliën vormen. Het niet-kristallijne gedrag van 
de 1-naftylverbindingen wordt veroorzaakt door de beperkte rotationele 
vrijheid van de 1-naftylgroepen in vergelijking met de 2-naftylgroepen. Dit 
gebrek aan rotationele vrijheid was duidelijk te zien in de NMR spectra van het 
etheencomplex waarin piekverbreding van een deel van de naftylprotonen zeer 
evident is. De beperkte conformationele vrijheid van de 1-naftylgroepen op de 
3-posities van de pyrazoolringen is deels te wijten aan interacties met de 
protonen van het etheenligand aangezien dergelijke piekverbreding in het 
carbonylcomplex niet werd waargenomen. Een andere aanwijzing van 
interacties tussen de etheen liganden en de 
hydridotrispyrazolylboraatliganden is de onverwacht grote verschuiving van 
de signalen voor de etheenprotonen in de 1H NMR spectra. 
Omdat de dinaftylverbindingen sterke π-interacties zouden moeten hebben 
met materialen zoals koolstofnanobuizen en grafeen werden de ordening van 
carbonylcomplexen op HOPG en grafeen bestudeerd met behulp van 
ellipsometrie, AFM en STM. Het bleek dat beide complexen meerlaagse 
structuren vormen op grafeen via een Stranski-Krastanov mechanisme. Met 
STM was duidelijk te zien dat dat het bis(2-naftyl)-complex regelmatige 
enkellaags structuren vormt. In het algemeen lijkt het zo te zijn dat de 
eigenschappen van de complexen zoals de neiging om al dan niet te 
kristalliseren nuttige aanwijzingen geven voor hun ordening op de nanoschaal 
op een grafeenoppervlak. 
De invloed van elektronische aanpassingen van liganden in isosterische 
complexen 
Een serie hydridotrispyrazolylboraatliganden met daarin verschillende 
elektronenzuigende of elekronendonerende substituenten gebaseerd op een 
gemeenschappelijk motief [TpCF3,4-RPh]– (R = NMe2, OMe, H, F, Cl, CF3 of NO2) is 
beschreven in Hoofdstuk 5. De kristalstructuren van een een groot aantal van 
de etheen- en carbonylkopercomplexen alsmede twee van de natriumzouten 
van liganden werden verkregen middels Röntgendiffractie. De koper(I)-
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complexen hebben allemaal nagenoeg identieke coordinatiegeometriën. De 
substituenten R werden gekozen op basis van hun Hammett σp parameters en 
hun compatibiliteit met de vrij extreme reactieomstandigheden die nodig zijn 
voor de synthese van hydridotrispyrazolylboraatliganden. De resulterende 
koper(I)-complexen met etheen en koolmonoxide werden bestudeerd met 
NMR en infraroodspectroscopie. Eigenschappen zoals de verschuiving op NMR 
van de etheenprotonen en de rekfrequenties in infraroodspectroscopie van de 
koolmonoxideliganden bleken goede overeenkomst te vertonen met de 
verwachte waardes op basis van de Hammett σp parameters. Er waren ook een 
aantal onverwachte waarnemingen zoals de onverwacht hoge CO rekfrequentie 
van [Cu(TpCF3,4-NMe2Ph)(CO)] en de onverwacht lage CO rekfrequentie van 
[Cu(TpCF3,4-NO2Ph)(CO)]. Bij nadere inspectie bleek dat het ligand [TpCF3,4-NO2Ph]– 
niet de verwachte symmetrische structuur had maar een structuur waarin één 
van de pyrazoolringen “verkeerd om” aan het booratoom bevestigd is. Als 
gevolg van de afwijkende strucuur van dit hydridotrispyrazolylboraatligand 
was de verschuiving van de etheenprotonen van het bijbehorende 
etheencomplex groter dan verwacht. In het algemeen kan geconcludeerd 
worden dat het mogelijk is om liganden en koper(I)-complexen te vervaardigen 
met nagenoeg identieke coordinatiegeometriën terwijl de de elektronische 
eigenschappen sterk variëren. Voorts bleek dat de elektronendichtheid op het 
koper(I)ion goed correleert met de substituenten R op de 
hydridotrispyrazolylboraatliganden. 
De detectie van etheen met grafeen dat gesensibiliseerd is met koper(I) 
Koper(I)-acetonitrilcomplexen werden gesynthetiseerd met de liganden die 
beschreven zijn in Hoofdstukken 3 en 5. Deze complexen werden aangebracht 
op grafeen met behulp van een simpele dompelprocedure. De dusdanig 
verkregen oppervlakken werden bestudeerd met AFM en bleken ongeordend 
en vlak. Vergelijkbaar met de resultaten die beschreven staan in Hoofdstuk 4 
ordenden de complexen zich als dunne meerlaagse structuren op he 
koolstofoppervlak. Bij blootstelling aan etheen vertoonden de oppervlakken 
sterke indicaties van diffusie wat aangeeft dat de moleculen een significante 
mobiliteit behouden na adsorptie. 
De zodoende  gesensibiliseerde sensoren werden gebruikt voor gasmetingen 
waarbij de gevoeligheid voor etheen en ethanol werden vergeleken. De 
sensoren bleken uiterst gevoelig te zijn met detectielimieten ver onder de 100 
ppb (voor etheen) en 1 ppm (voor ethanol). De kinetiek van de interacties 
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tussen de gassen en de koper(I)-complexen werd bestudeerd en bleek goed 
overeen te komen met de verwachtingen op basis van de elektronische 
eigenschappen van de liganden zoals beschreven in Hoofdstuk 5. De 
evenwichtsdissociatieconstantes bleken duidelijk hoger te zijn bij blootstelling 
aan ethanol dan bij blootstelling aan etheen. Een mechanisme is voorgesteld dat 
de goede correlatie tussen de verkregen signalen en hun intensiteit met de 
Hammett σp parameters van de substituenten op de 
hydridotrispyrazolylboraatliganden van de complexen op de sensors verklaart. 
In het mechanisme is de “aan” toestand van de sensor, die gevormd wordt 
tijdens blootstelling aan een gas het mononucleaire etheen- of ethanolcomplex. 
De “uit” toestand bestaat uit een dinucleair complex met bruggende 
hydridotrispyrazolylboraatliganden dat gevormd wordt uit twee 
mononucleaire 16-elektronencomplexen die onstaan bij het loslaten van het 
etheen- of ethanolligand van de complexen in de “aan” toestand. Met behulp van 
DFT berekeningen (ZORA-OPBE/QZ4P) zijn de dipoolmomenten van sommige 
van de complexen (R = CF3, H en NMe2) bepaald. De berekende 
dipoolmomenten laten duidelijk zien dat de “uit” toestanden moeten bestaan 
uit de dinucleaire complexen; de mononucleaire 16-electronencomplexen 
kunnen onmogelijk de “uit” toestand vormen omdat hun dipoolmomenten 
ongeveer gelijk zijn aan die van de “aan” toestanden, terwijl de dinucleaire 
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